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This is a geo-environmental research about the factors affecting landfill leachate generation and 
the factors affecting barrier performance of landfill liners. The objectives of this dissertation are (1) 
to investigate the geometry effect on leachate generation and composition through laboratory-scale 
lysimeter test; (2) to study the factors affecting membrane behavior by laboratory-scale membrane 
test. 
Decomposition of landfill waste is a long term process, which is always accompanied by the 
generation of landfill leachate. To reduce the research expense and duration, landfill environmental 
conditions were simulated inside laboratory-scale lysimeters and columns. The lysimeters were 
operated with various geometrical characteristics (e.g. height/width ratio and height) which can cause 
changes in physical and thermodynamic characteristics, resulting in different waste decomposition 
rates and leaching behavior. Considering all of above, in this study, the lysimeter test was conducted 
using six lysimeters to evaluate the geometrical effect on leachate generation and leaching behavior 
of Construction & Demolition waste residue. According to the lysimeter test results, increasing the 
width of the lysimeter can reduce the potential of side-edge-wall flow, and the filtration water can 
have a perfect flushing inside lysimeters with shorter lengths. Increasing the height merely results in 
an increase in upper loading, and causes denser micro-structure of waste and closer cohesion at the 
bottom of the lysimeters, which was not suitable for the leaching out of soluble constituents as well 
as heavy metals. Based on the Chemical Oxygen Demand (COD), Total Nitrogen (TN), Total 
Phosphorus (TP) and the emission behaviors of some inorganic ions, microbial activity can have 
significant effects on leaching behavior, which cannot be neglected when researching landfill waste. 
Relatively short lysimeters and lysimeters with low height/width ratio can provide more suitable 
conditions (density, upper loading, inter-particle cohesion, water content) for the motivation of 
microbial activity. The results from the experimental work will also help establish standardized and 
feasible designs for laboratory-scale lysimeter tests. 
Compacted clay liners (CCL) are usually employed as bottom liners in waste containment 
facilities due to their affordability and excellent barrier performance against the migration of aqueous 
contaminants. It is rational to expect that the performance of these clay liners may be greatly 
enhanced if they exhibit a semipermeable membrane behavior, by which the liners can prevent the 
migration of contaminant, while without any restrict towards the passage of water. However, the 
observed membrane behavior has been too low to sufficiently prevent the migration of contaminants. 
According to previous research, bentonite has proved to improve membrane behavior effectively. 
Thus, in this study, bentonite is introduced to promote the barrier performance of clay towards 
contaminants and enhance its membrane properties. In addition, different factors were studied to 
evaluate their effect on membrane behavior, including bentonite content, compactness, thickness, 
potential Hydrogen of solution (pH), concentration and solute type. According to the results, 
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bentonite is an effective additive, and may greatly improve the membrane behavior of natural 
Fukakusa clay (FC). The membrane behavior increased as compactness increased. The thickness can 
also affect the membrane behavior, but very limited. pH can greatly affect the membrane behavior, 
especially in alkaline conditions. While the similarity of the membrane behavior under pH 4.0 and 
7.0 suggested the existence of a very slight erosion effect of the acid solution. For different solute 
type, the membrane behavior follows the order that K, Na > Ca > Pb, Zn. Although the low 
membrane behavior of heavy metal ions, almost no diffusion occurred during the membrane test, 
which can be attributed to the adsorption. Additionally, the degrade effect of measured 
chemico-osmotic pressure can be regarded as the compression of the double layer. As the increase of 
bentonite content, compactness or pH value, soil particle size became bigger as well as closer 
cohesion based on scanning electron microscope analysis (SEM). And the further analysis was 
conducted to study the mechanism of the membrane behavior with the assistance of X-ray diffraction 
(XRD) and X-ray fluorescence (XRF) results. According to the results, the hydraulic conductivity of 
FC is 1.58 × 10−9 m/s, and as bentonite content increased, the hydraulic conductivity gradually 
decreased in response, which indicated that adding bentonite cannot only improve the membrane 
behavior, but also make natural FC suitable for use as a liner.  
Based on the experiment results obtained from above membrane test, the numerical analysis 
work was conducted by using the solute transport equation proposed by previous research, which 
took into account of both advection and membrane behavior on solute transport. Four parameters 
t0.001, t0.02, t0.5 and t1 were utilized to describe the breakthrough curve of specimen, which represent 
the time period when the ratio of cs/c0 reached 0.001, 0.02, 0.5 and 1. t0.02 and t0.5 consider both the 
time spent and environmental impact, and can be regarded as balance criteria, while t1 represent the 
time spent when the barrier has been completely breakdown, when the surrounding soil and 
groundwater environment has already been polluted. t0.001 is the time cost when the contaminant 
started to breakdown, and it is occurred at very early stage and can be used for forewarning of the 
diffusion of contaminant. The barrier performance of liners was greatly improved when their 
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CHAPTER 1: INTRODUCTION 
1.1 Background 
Increasingly affluent lifestyles as well as continued industrial and commercial growth around the 
world has led to rapid increases in both municipal and industrial solid waste production (MSW and 
ISW), especially in developing countries. Fig. 1.1 presents the increase in the production of industrial 
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Fig. 1.1 Production of ISW in China (China Statistical Yearbook, 1991-2012) 
 
Conventional treatment methods for ISW and MSW include reuse and recycling, composting, 
anaerobic digestion, incineration, and land disposal. Regardless of the method chosen, residue is 
produced; thus, a sanitary landfill for the ultimate disposal of solid waste is the most widely accepted 
method throughout the world (Westlake, 1995; Williams, 1998; Tanaka et al., 2005; Brunner and 
Fellner, 2007; USEPA, 2010; Laner et al., 2012). Besides its economic benefit, landfills minimize 
environmental impact and allow waste to decompose under controlled conditions until its eventual 
transformation into relatively inert, stabilized material (Renou, 2008). In the US, 54% of MSW was 
sent to landfills in 2008, compared to only 33% for recycling and composting (USEPA, 2009). In 
Australia, about 70% of MSW were sent directly to landfills without pre-treatment in 2002 
(Productivity Commission, 2006). In China, 61.4% of MSW was treated through landfill method in 
2011 (China Statistical Yearbook, 2012). Among the EU member states, 52% of waste production in 
2 
France was landfilled into regulated centers in 2002 (Renou et al., 2008). In 2008, 77%, 55%, and 
51% of MSW generated were treated by landfilled in Greece, the UK, and Finland, respectively. 
According to El-Fadel (1997), up to 95% of the total MSW collected worldwide is disposed by 
landfills. 
As shown in Fig. 1.2, sanitary landfills are engineered disposal facilities that use physical 
barriers to isolate solid waste from surroundings in order to minimize public health and 
environmental impacts (Allen, 2001; Tchobanoglous and Kreith, 2002). These barriers, including 
bottom liners and a cover layer, keep the waste body insulated for long periods of time. Nevertheless, 
water present in waste, origins from rainwater infiltration during and/or after the landfill process, and 
groundwater penetration provide favorable conditions for micro-organism development (Westlake, 
1995). Through their own metabolic activities, micro-organisms degrade waste until their nutrient 
sources are depleted and the residues are no longer capable of supporting microbial growth, a process 
which is known as biological degradation; this generates landfill leachate (Zehnder, 1988; Palmisano 
and Barlaz, 1996; Zhang, 2002). 
 
 
Fig. 1.2 Sanitary landfill 
 
Landfill leachate is a water-based solution with four groups of pollutants: dissolved organic 
matter, inorganic components, heavy metals, and xenobiotic organic compounds (Christensen et al., 
1994; Baun and Christensen, 2004). Unlike organic pollutants, heavy metals are not biodegradable; 
such pollution may last for two millennia (Hong et al., 1994). Heavy metals like zinc and lead tend to 
accumulate in biological systems and can result in severe environmental problems. Zinc (Zn) is an 
essential trace nutrient that is required by most living organisms for healthy growth and enzyme 
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function (Tang et al., 2012). However, it is toxic to plants and animals at elevated concentrations. 
Lead (Pb) is a common contaminant and even a little has the potential to cause chronic diseases and 
brain damage to human (Tang et al., 2009). Therefore, the maximum concentration limits for Zn(II) 
and Pb(II) in drinking water are strictly regulated. For example, Canadian Water Quality Guidelines 
(2004) and Indian Standards (1991) recommend that the concentration of Zn(II) in drinking water not 
exceed 5 mg/L, while the WHO (2006) recommends 3 ml/L as an upper limit for Zn(II) and 0.01 
mg/L for Pb(II). The USEPA (2011) recommends concentrations of Zn(II) below 5 mg/L and of 
Pb(II) below 0.015 mg/L.  
Thus, the high toxicity of landfill leachate has great potential for pollution of the surrounding 
environment, especially groundwater (Christensen et al., 2001). Surface water pollution caused by 
landfill leachate has also been observed, although relatively few cases have been described in the 
literature. According to Kjeldsen et al. (2002), the major potential effects of a leachate release to 
surface water are oxygen depletion in part of the surface water body, changes in the stream bottom 
fauna and flora, and ammonia toxicity. In order to prevent ecological environments from being 
polluted by the release of landfill leachate, two important issues should be taken into account:  
1) Leachate generation  
2) Containment capacity  
Landfill leachate generation is a long-term process, ranging from several months to centuries 
depending on various factors, including soil properties, weathering conditions, waste composition, 
landfill operation, volume of infiltration water, landfill age, etc.(Wall and Zeiss, 1995; Townsend et 
al, 1996; Johannessen, 1999; Tchobanoglous and Kreith, 2002; Silva, 2004; Kulikowska and Klimiuk, 
2008; Renou et al., 2008). To reduce research expenses and experiment duration, environmental 
conditions are usually simulated inside laboratory-scale lysimerters and columns. These lysimeters 
operate under various geometry characteristics (e.g. height/width ratio), which can change the 
physical and thermodynamic characteristics. According to Kim et al. (2010), the volume of reactors 
as well as the height/width ratio significantly vary, ranging from several liters to several cubic meters 
as shown in Fig. 1.3. Short- and long-term behaviors of pollutants based on different lysimeter 
volumes have been studied (Van der Sloot et al., 2001, Kylefors et al., 2003, Guyonnet et al., 2008). 
However, few studies have focused on the effects of the reactor‘s H/W ratio and height on the 
physical and thermodynamic characteristics. The H/W ratio and the height can easily influence 
external factors such as loading amount of substrate, internal temperature change, and water contents 
(Vicente-ferreira et al., 2007). Fig. 1.4 shows the effect of a reactor H/W ratio on leaching behavior 
and waste decomposition. Assuming two lysimeters of the same volume with different H/W ratios, 
the reactor with low H/W has less waste and more rainfall amount per unit volume than the lysimeter 
with high H/W. It might be possible for the lysimeter with low H/W to show a low settlement rate 
and high water flux, resulting in high water and air permeability and high liquid-to-solid (L/S) ratio 






















H / W ratio
 
Fig. 1.3 Relationship volume with height/width ratio of lysimeters (Kim et al., 2011) 
 
 
Fig. 1.4 The effect of geometry factors on leaching behavior and waste decomposition 
 
Containment capacity mainly depends on the barrier performance of liner system, especially the 
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bottom liner system. Compacted clay liners (CCL) are usually employed as bottom liner systems in 
waste containment facilities due to their affordability and excellent barrier performance against the 
migration of aqueous contaminants (e.g., Boynton and Daniel, 1985; Shelley and Daniel, 1993; 
Chapuis, 2002). The CCL can greatly reduce leachate leakage but cannot eliminate it. Each 
engineered landfill is a closed system in the short term but an open one in geological terms (Zhang, 
2002). The performance of these clay liners may be greatly enhanced if they exhibit semipermeable 
membrane behavior to prevent or restrict the migration of selected substances (Tuwiner, 1962; 
Mulder, 1991). In the case of a chemical solution, a semipermeable clay liner can inhibit the 
migration of solute molecules (Mitchell, 1993), allowing water to flow from a lower solute 
concentration (higher water activity) to a higher solute concentration (lower water activity) until 
equilibrium is reached (Olsen, 1969; Olsen, 1972; Greenberg et al., 1973; Manassero and 
Dominijanni, 2003; Shackelford and Lee, 2003; Henning et al., 2006). 
Membrane behavior represents a potentially significant benefit that has not been considered in 
practical applications (Shackelford, 2013). It has been the subject of significant research over the 
past 15 years. Membrane behavior has been observed in several types of soils used as liners or 
barriers (e.g., Malusis and Shackelford, 2002a; Malusis and Shackelford, 2004; Yeo et al., 2005; 
Evans et al., 2008; Kang et al., 2010). However, the observed membrane behavior has been too low 
to sufficiently prevent the migration of contaminants. According to previous research, bentonite can 
improve membrane behavior effectively, and membrane behavior is likely to be significant only in 
clay barriers that contain high-swelling smectitie minerals such as sodium bentonite (Malusis and 
Shackelford, 2002b; Shackelford, 2013). Thus, combining the advantages of clay and bentonite, the 
latter is introduced to promote the barrier performance of clay towards contaminants and enhance its 
membrane properties (Malusis and Shackelford, 2002b; Yeo et al., 2005; Evans et al., 2008; Kang 
and Shackelford, 2010). Various factors influence membrane behavior, including clay mineralogy, 
solute concentration, and consolidation (Malusis and Shackelford, 2002; Van Impe, 2002; Kang and 
Shackelford, 2010; Kang and Shackelford, 2011). According to previous studies, bentonite can 
improve membrane properties. However, the bentonite content used in these studies significantly 
varied as shown in Table 1.1. Few studies (e.g. Shackelford, 2012) have evaluated the effect of 
bentonite content on membrane behavior.  
 
Table 1.1 Bentonite content in membrane tests in references 
Clay Bentonite 
Bentonite content 
(by dry weight) 
References 
NFC Na-bentonite 0, 5% Kang and Shackelford (2010) 
CS Na-bentonite 5% Yeo et al. (2005) 
Kaolin Na-bentonite 20% Van Impe (2002) 
- Na-bentonite 100% Malusis and Shackelford (2002b) 
* NFC, Nelson Farm Clay; CS, Clay-Sand mixture 
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Compacted clay liners used as bottom liners for landfills are exposed directly to leachate from 
the landfill, which contains very high concentrations of inorganic ions such as Na, K, Ca, and heavy 
metals. According to Baun and Christensen (2004), most landfill leachates contain up to 155 mg/L of 
Zn(II) and up to 1.5 mg/L of Pb(II). The pH of leachate varies from landfill to landfill, as shown in 
Table 1.2, due to factors such as waste composition, landfill age, and weather conditions. According 
to Christen et al. (2001), pH of the landfill leachate is usually acidic (4.5-7.5) during the acid phase 
at the early stage and then gradually increases to alkaline (7.5-9.0) during the methanogenic phase. 
Thus, to avoid pollution of the surrounding soil and groundwater environment, barriers must 
maintain excellent performance under both acid and alkaline conditions.  
 
Table 1.2 Range of pH values for landfill leachates in various countries 
Country pH Range Country pH Range Country pH Range 
U.S. 4.5 - 8.2 Greece 6.2 - 7.9 Japan 6.8 - 12.7 
Canada 5.8 - 9.0 Denmark 4.5 - 8.6 China 6.8 - 9.1 
UK 6.4 - 8.0 Netherlands 5.9 - 7.0 South Korea 7.3 - 8.6 
France 7.0 - 8.4 Finland 7.1 - 7.6 Malaysia 7.5 - 9.4 
Germany 4.5 - 9.0 Turkey 5.6 - 8.6 Brazil 8.2 
Italy 8.0 - 8.4 Poland ~ 8.0 
  
* Data from Baun and Christensen (2004), Osako et al. (2004), and Renou et al. (2008). 
 
Landfill leachate, especially when acidic, favors the solubilization of heavy metals, which can 
pose a severe threat to local ecosystems (Ritcey, 1989; Aubertin, 1996). Moreover, the thickness of 
the compacted clay liner differs depending on engineering and environmental requirements, and few 
researchers have evaluated the effect of compaction degree, which can be significant for soil 
cohesion, fabric, and pore-size distribution (Mitchell et al., 1965; Daniel and Benson, 1990; 
Prapaharan et al., 1991; Delage et al., 1996; Vanapalli et al., 1999; Watabe et al., 2000). Thus, 
compaction degree is expected to play an important role in the membrane behavior of clay. 
 
1.2 Objectives and scope 
The overall aim of this thesis is to evaluate the geometry effect on landfill leachate generation 
and the effect of different factors on the membrane behavior of compacted clay liner. The project 
highlights the importance of the geometry effect and the membrane behavior of the clay liner under 
different external conditions. These goals are stated as follows: 
1) To investigate the geometry effect on leachate generation and composition through a 
laboratory-scale test with lysimeters of different size. 
2) To study the membrane behavior change in a laboratory-scale test under different conditions, 
7 
including bentonite content, solute pH and concentration, compaction degree, and thickness, as well 
as different kinds of ions, such as Na, K, Ca and heavy metal ions.  
 
1.3 Dissertation outline 
This dissertation is comprised of six (6) chapters. The main points and the experimental 
approach of this study are listed in Fig 1.5. During the experimental work, a lysimeter test, a leaching 
test, and a membrane test were conducted and used to evaluate factors influencing landfill leachate 
generation and membrane behavior of the bottom compacted clay liner. The outline of this research 
is shown in Fig. 1.6 and summarized as follows: 
1) Chapter 1 presents the background, objectives, and outline of this dissertation. 
2) Chapter 2 includes a literature review of the general composition of landfill leachate, different 
factors affecting leachate generation, and two major bottom liners, geosynthetic clay liner (GCL) 
and compacted clay liner (CCL). Then, it presents an overview of membrane behavior, including 
the discovery of membrane behavior, measurement by laboratory-scale experiment, 
quantification, significant factors, as well as practical application. 
3) Chapter 3 describes the effects of geometry on landfill leachate generation and composition 
based on the experimental results obtained from the lysimeter test, including height and 
height/width ratio. Leaching behavior is also studied by leaching test. Optimum values of height 
and height/width ratio of lysimeters are proposed based on the results and discussion. 
4) Chapter 4 describes different factors of membrane behavior, including bentonite content, solute 
pH and concentration, compaction degree, thickness, and solute type. The major physical and 
chemical properties of the materials are measured through preliminary experiments, such as 
standard compaction test, and CEC value. A standard free swelling test is conducted to evaluate 
the materials‘ response under different test conditions, pH values, concentrations, and solute 
types. To further investigate the mechanism of membrane behavior, Scanning Electron 
Microscopy (SEM), X-Ray Fluorescence (XRF) and X-ray diffraction analysis (XRD) are 
performed. 
5) Chapter 5 presents solute transport equations proposed by previous researchers that consider 
both advection and membrane behavior on solute transport. Based on these equations, a 
numerical analysis is presented. According to the results, the practical implications of this study 
are discussed. 
6) Chapter 6 summarizes the experimental results and provides the conclusions of this study. 





Fig. 1.5 Outline of experimental approach 
Experimental approach 
Landfill leachate generation Barrier performance of bottom liners 
Geometry effect 
Leaching test Lysimeter test 
Factors on membrane behavior 
Bentonite content Basic physical and chemical property 
Selected bentonite content based on experiments 
Effect of solution pH Effect of compaction degree Effect of thickness Effect of solute type 
Numerical analysis based on measured parameters 




Fig. 1.6 Outline of dissertation 
 
1.4 Originality 
The lysimeter test, membrane test, and numerical analysis are conducted in Chapters 3, 4, and 5. 
The originality can be summarized as follows: 
1) Lysimeters and columns have been widely applied to simulate landfills in the study of landfill 
leachate generation. Previous researchers have used different lysimeters, and many factors have 
shown significant effects, such as the existence of water, microorganisms, suitable temperature. 
However, the geometry effect has been neglected in these studies. In Chapter 3, a lysimeter test 
is conducted under different geometry factors to study the effect on landfill leachate generation 
and composition. 
2) The membrane behavior of natural clay and clay mixtures has been previously observed. 
However, few studies have included the effects on membrane change. In the current research, a 
membrane test is conducted under different conditions (bentonite content, compaction degree, 
thickness of specimens, solution pH, and type). 
3) Various methods are used to study membrane behavior in this study, including a pressure 
transducer to study chemico-osmotic pressure, an SEM image to observe the micro-structure of 
interparticle space, and XRD and XRF to analyze the mechanism of membrane behavior and the 
chemical reaction during the membrane test, respectively. 
Chapter 1: Introduction 
Chapter 2: Literature review 
Chapter 3: Geometry effects on waste 
leachate generation 
Chapter 4: The factors affecting 
membrane behavior of landfill liners 
Chapter 5: Solute transport model 
analysis and practical implications 
Chapter 6: Conclusions and future 
research directions 
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4) A new experimental apparatus was designed for this research which simplified operation and 
reduced expense. Using this apparutus, the actual chemico-osmotic pressures can be measured 
under different test conditions, which help to prove the reliability of this apparatus. 
5) Besides the results obtained from the laboratory-scale membrane test, the membrane behavior is 
correlated to the service life of the bottom liners using the advection-diffusion model. Through 
the numerical analysis in Chapter 5, a relationship between the macro-scale service life of the 
bottom liner and the micro-scale phenomenon of membrane behavior is established. 
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CHAPTER 2: LITERATURE REVIEW 
2.1 General remarks 
Landfill has proven the most cost-effective method for solid waste disposal around the world, 
especially in developing countries. Nowadays, as waste generation increases significantly worldwide, 
more and more landfill sites are required. Nevertheless, no matter the location of the landfill site, it 
will cause a great potential to lead to the damage of surrounding environment and threaten to the 
health of human being. Therefore, research about landfill become a hot issue, and attract more and 
more attention in recent year. 
However, landfill site is a very complicated issue, and causes many environmental challenges to 
geoenvironmental researchers. The research directions about landfill include risk assessment, landfill 
operation and management, barrier performance of landfill liners (cover liner and bottom liner 
system), the settlement process and stability of waste body, the generation of landfill emissions 
(landfill leachate and landfill gas), and relevant treatment technology towards them. This study 
covers on the generation of landfill leachate and the barrier performance of landfill bottom liners. 
The generation of landfill leachate depends on lots of conditions, such as the existence of water, 
microorganism, suitable temperature etc. Thus a lot of factors can significantly affect the landfill 
leachate generation, including soil properties, weathering conditions, waste composition, landfill 
operation, volume of infiltration water and landfill age. Landfill leachate contains high concentration 
of contaminant, which is likely to cause the pollution to groundwater. 
Thus bottom liners are always designed and applied to isolate the contaminant from surrounding 
soil. Hydraulic conductivity (k), diffusion coefficient (D) and retardation factor (R) are usually 
utilized to quantify the barrier performance of liners. In addition to them, in some cases, the liners 
can exhibit a membrane property like a semi-permeable membrane. Therefore, this membrane 
behavior, quantify with chemico-osmotic efficiency coefficient ω, provides a new perspective to 
evaluate the barrier performance of liners.  
The purpose of this chapter is to briefly introduce (1) composition and generation of landfill 
leachate, (2) various factors affect landfill leachate generation and compostion, (3) bottom liner 
systems, including compacted clay liner (CCL) and geosynthetic clay liner (GCL) (4) Membrane 
behavior in liner system, including its observation and influence factors. 
 
2.2 The usage of lysimeters and columns 
Lysimeters and columns were widely utilized to simulate the landfill or other experimental 
conditions for researches in many fields since its raltive low expense, simple installation and 
operation etc.. For the research about the landfill, compared to field in site experiment, lysimeters are 
smaller, more self-contained and better monitored than landfills. Their small scale allows their 
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location in a laboratory, where it is convenient to perform extensive monitoring. In addition, their 
small size allows tests to be conducted in multiples that are simply not economically feasible with 
even pilot-scale landfills. As a result, they are often employed as the first step in investigating the 
implementation of a new concept in landfill management (Stessel and Murphy, 1992). 
In Kim et al. (2011) research, lysimeters were used to study the long-term behavior and fate of 
metals in leachate from four simulated bioreactor landfills under both aerobic and anaerobic 
conditions. As shown in following Fig. 2.1, it was the schematic of the aerobic and anaerobic 
lysimeters used.  
 
 
Fig. 2.1 Schematic of the aerobic and anaerobic lysimeters used in Kim et al. (2011) 
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Each lysimeter consisted of a stainless steel column and carriage system. The 183-cm (6 ft) 
stainless steel body contained 5 front ports and 1 valve at the bottom for leachate collection. The 
front ports were used for air addition (in the case of the aerobic lysimeters). A small port located on 
the top flange was used for liquids addition. Perforations in the steel plate allowed added liquids to 
percolate into the waste. The amounts of gas produced from each lysimeter were monitored using a 
gas totalizer. The carriage system was designed to support a hydraulic pressurizing unit installed at 
the top of each lysimeter for the application of an external load to the fabricated waste. To maitain 




Fig. 2.2 Schematic drawing of column in Chichester and Landsberger (1996) 
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Chichester and Landsberger (1996) also used column for determination of the leaching dynamics 
of metals from municipal solid waste incinerator fly ash. The schematic drawing of column was as 
above Fig. 2.2. The cylinder wall, cylinder ring, top and bottom plate were made of cast acrylic 
plastic, while the 4 support rods and 8 nuts and washers were made of stainless steel. Besides above 
labortary-scale lysimeters, larger scale lysimeters and columns were also applied in labortary and 
field site experiments. As shown in the following Fig. 2.3, it is the larger lysimeters used in 
Henken-Mellies and Schweizer (2011). The properties of materials used in the lysimeter test were 
shown in Table 2.1. 
 
 
Fig. 2.3 Profiles of the lysimeter test field 
 
The lysimeters in Fig. 2.3 is situated near the town of Aurach in Northern Bavaria, German, 
some 60 km south-west of the city of Nuremberg in a gently hilly region at an elevation of 500 m 
above sea level. The lysimeter test fields were erected on the slope of a municipal waste landfill, 






Table 2.1 Properties of materials usd in Henken-Mellies and Schweizer, (2011) 
Description of 
layer 
Lysimeter 1: Simple 
soil barrier 
Lysimeter 2: GCL Lysimeter 3a/3b: CCL 
Top soil 0.2 m loamy sand 0.2 m loamy sand 0.2 m loamy sand 
Subsoil 
1.5 m sandy loam; 




k: 10-7 to 10-10 m/s 





k: 7 x 10-6 m/s 
1.3/1.8 m sandy loam; 
6-14% clay(< 2μm) 
16-24% silt 
62-78% sand 
Built with low compaction 
k: 10-6 to 10-7 m/s 
Drainage layer None Drainage geocomposite 0.3 m gravel 
Barrier layer None 
Ca-bentonite GCL 
permittivity: 8 x 10-9 m/s 
0.5 m compacted clay layer 
Plastic limit: 20% 
Liquid limit: 41% 
k < 3 x 10-9 m/s 
 
Rafizul et al. (2012) constructed three pilot scale landfill lysimeters in Bangladesh to evaluation 
the landfill emissions and leaching behavior of landfill leachate. As shown in the following Fig. 2.4, 
it was the schematic diagram of the lysimeter. The landfill lysimeter test facilities were set-up in the 
geo-environmental research station at the backyard of Civil Engineering Building, KUET, 
Bangladesh. Lysimeter was used to simulate the different landfill concept, operational condition and 
the total weight of MSW was deposited in each lysimeter around 2900 kg. The three landfill 
lysimeter, were constructed using the brick wall of 250 mm thick having outer and inner diameter of 
approximately 2.0 m and 1.48 m, respectively, with a total height of 3.35 m, resting on a 250 mm 
thick of reinforced cement concrete mat foundation at a depth of 760 mm below the existing ground 
surface. The landfill lysimeter was plastered both the inner and outer sides with two coatings of 
waterproofing agent to avoid leakages and corrosion due to acidic environment. Further, the 
anaerobic landfill lysimeters consists of LFG collection system above the MSW and leachate 
recirculation system below the MSW in landfill lysimeter. At the bottom of each landfill lysimeter, a 
cement concrete layer of 125 mm thick was provided then the landfill lysimeters were filled with 
stone chips (diameter 5–20 mm) and coarse sand (diameter 0.05–0.40 mm) to the height of 15 
cmeach to ensure proper leachate drainage. At the base of each landfill lysimeter after placing the 
perforated leachate collection pipe, a geo-textile blanket having 0.60 m wide and 1.65 m length was 
placed to avoid rapid clogging by the sediments from landfill lysimeter. A leachate collection tank 
(3.68 x 1.56 x 1.64 m) accommodating four separate leachate discharge pipes in the temporary 




Fig. 2.4 Schematic diagram of lysimeter in Rafizul et al. (2012) 
 
According to all of above, the lysimeters and column used in previous literatures were usually of 
great difference on the factors, height and height / width ratio. Until now, very few researches were 
once concerned about this issue, although it can affect the leaching behavior and landfill leachate 
compositions. Consider all of above, one of the objectives of this research is to investigate the 
geometry effect on leachate generation, and the lysimeters with different sizes were designed for 
lysimeter test in Chapter 3. 
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2.3 Landfill leachate and influence factors 
The infiltration of rain water, surface water into a landfill and water contained waste, coupled 
with physical, chemical and microbial processes, produces a kind of polluted liquor, landfill leachate 
(Christensen and Kjeldsen, 1989). Normally, landfill leachate consists of water that carries chemicals, 
metal contaminants and organic matter in the form of solution or suspension (Zhang, 2002). 
According to Christensen et al. (2001), the contaminant contained in landfill leachate can be 
characterized and clarified into four groups. 
1) Dissolved organic matter, expressed as chemical oxygen demand (COD) or total organic 
carbon (TOC), including CH4, volatile fatty acids and more refractory compounds.  
2) Inorganic macrocomponents: Ca, Mg, Na, K, NH4
+, Fe, Mn, Cl, SO4
2- and HCO3
- 
3) Heavy metals: Pb, Zn, Cd, Cr, Cu and Ni. 
4) Xenobiotic organic compounds (XOCs) originating from household or industrial chemicals 
and present in relatively low concentrations (less than 1 mg/L). 
In addition to above 4 groups of contaminant, some other compounds may be found in landfill 
leachate, e.g. B, As, Se, Ba, Li, Hg and Co. But compared to above contaminant from above 4 groups, 
they are found in very low concentrations and are only of secondary importance (Christensen et al., 
2001). 
The magnitude of particular parameters for leachate vary from site by site since a lot of 
influence factors, including soil properties, landfill age, weathering conditions, waste composition, 
landfill operation and volume of infiltration water. However, by taking an overview of the large 
amount of available previous literature, the author made a summary of the typical concentrations of 
common pollutant in leachate collected in leachate drainage systems of landfills in operation and in 
leachate-polluted groundwater collected below or within a few meters down-gradient of old unlined 
landfills from several countries or regions, and the results were presented in Table 2.2 (Johansen and 
Carlson, 1976; Ehrig, 1983, 1988; Chu et al., 1994; Clement and Thomas, 1995; Jørgensen and 
Kjeldsen, 1995; Robinson, 1995; Krug and Ham, 1997; Kjeldsen and Christophersen, 2001; Baun 
and Christensen, 2004).  
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Table 2.2 Typical concentrations of common pollutant in landfill leachate (Unit: mg/L) 
 
Germany Denmark USA UK Hong Kong Netherlands France 
pH 4.5-9 4.5-8.6 4.5-8.2 6.4-8.0 7.2-8.4 5.9-7.0 7.8-8.4 
COD 500-60000 16-2300 50-62000 < 10-33700 147-1670 110-9425 400-8000 
TOC NA 1-670 NA 2.8-5690 NA 30-1700 100-2700 
Cl 100-5000 10-3200 10-6000 27-3410 140-1337 68-680 750-2185 
NH4 39-3860 0.05-910 NA < 0.25-1560 84-2070 21-292 103-1247 
SO4 10-1750 0.5-820 NA < 5-739 NA 10-100 < 5-506 
Ca 10-2500 6-660 NA 60-1440 NA 99-400 15-246 
Na 50-4000 7-1000 10-3700 12-3000 132-1190 34.8-462 519-2957 
Mg 40-1150 3-430 NA 18-470 9-63 13-96 51-271 
K 10-2500 1-1100 2.7-1480 NA 78-632 21.3-219 202-1612 
Fe 3-2100 0.08-180 10-1100 0.1-664 1.14-5 11.5-234 0.3-10 
Mn 0.03-65 0.01-20 NA 0.06-23.2 0.05-1.3 NA NA 
As 0.005-1.6 0.0005-0.13 NA < 0.001-0.049 NA NA NA 
Cd 0.0005-0.14 0.00002-0.030 0.001-0.130 < 0.01-0.03 < 0.01-0.02 0.0001-0.002 NA 
Co 0.004-0.95 0.001-0.010 NA NA NA 0.004-0.033 NA 
Cr 0.03-1.6 0.0005-1.3 0.05-1.05 <0.04-0.56 0.02-0.23 0.002-0.17 NA 
Cu 0.004-1.4 0.0005-0.67 0.18-1.30 <0.02-0.16 0.01-0.13 0.008-0.085 NA 
Hg 0.0002-0.05 0.00005-0.019 NA <0.0001-0.001 NA NA NA 
Ni 0.02-2.05 0.001-3.2 0.1-1.20 <0.03-0.33 0.04-0.18 0.005-0.12 NA 
Pb 0.008-1.02 0.0005-1.5 <0.1-1.40 <0.04-0.28 0.03-0.12 0.001-0.015 NA 
Zn 0.03-120 0.00005-7.2 5.3-155 <0.01-6.70 0.13-2.55 0.055-2.65 0.1-0.7 
Johansen and Carlson (1976); Ehrig (1983); Ehrig (1988); Chu et al. (1994); Clement and Thomas (1995); Jørgensen and Kjeldsen (1995); Robinson 
(1995); Krug and Ham (1997); Kjeldsen and Christophersen (2001) 
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The generation of landfill leachate depends on lots of conditions, such as the existence of water, 
microorganism, suitable temperature etc. Thus a lot of factors can significantly affect the landfill 
leachate generation, including soil properties, landfill age, weathering conditions, waste composition, 
landfill operation and volume of infiltration water.  
According to previous published literatures, the landfill leachate generation rates range from 
15% to 55% of annual precipitation. Generally, landfill well-compacted cover produces only half the 
amount of leachate compared with that with loose cover, and an uncovered landfill produces almost 
50% more leachate than one covered with soil and vegetation (Sarsby, 2000). 
Trankler et al. (2005) reached the similar conclusions through laboratory experiment, in which 5 
large-scale lysimers (3.5 m height with diameter of 1.4 m) were designed to simulate the sanitary 
landfill (SL1, SL2, SL3, OC and PL). SL1, SL2, SL3 and PL were constructed with different kinds 
of cover system, while OC was an open cell. All lysimeters were placed outside in Bangkok, 
Thailand. This was a long term experiment, which lasted for three years, thus experienced rainy 
season and dry season several times. Some of the test results were summarized as following Fig. 2.5. 
 
 
Fig. 2.5 Cumulative leachate production from lysimeters as function of rainfall 
 
In Fig. 2.5, it presented the relationship between cumulative leachate productions from 
lysimeters with rainfall. The results over two subsequent dry and rainy seasons indicate that the open 
cell lysimeter showed the highest leachate generation throughout the rainy season compared to the 
other lysimeters with cover system. During the dry periods, the leachate flow in all lysimeters 
coming to a halt. These results exhibited a close relationship between landfill leachate generation 
amount with infiltration water origined from rainfall. Besides the leachate generation rate, the 
rainfall was also proved to have effect on the composition of leachate. As shown in the following Fig. 
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2.6 and Fig. 2.7, it was clear that after the heavy rainfall every time, the COD displayed a rapid 
decrease, which pH showed an increase tendency. The similar observations were also made under 
temperate climate by Khattabi et al. (2002) at Etueffont landfill, France. Such phenomenon can be 
attributed to the flushing effect or can be due to the enhancing of biological activities, which was 
stimulated by infiltration of rainfall, which resulted in the acceleration of decompose process. 
 
 
Fig. 2.6 Variable COD concentrations over the period of landfill operation 
 
Therefore, in general current practice is to construct a cover system over a landfill as soon as the 
waste reaches the designed final grade, in order to minimize leachate production. However, there is a 
growing body of opinion in favor of delaying construction of the final cover. Hanashima and 
Furuichi (2000) thought much infiltration from rainfall can accelerate the process of decomposition 
or organic materials and settlement caused by biological activities (Hanashima and Furuichi, 2000; 




Fig. 2.7 pH variation in the lysimeters over the period of landfill operation 
 
For the case of composition of landfill leachate, it was found to vary greatly depending on the 
age of the landfill (Baig et al., 1999). Usually the age of landfill can be defined by two 
decomposition phases: acid phase and methanogenic phase. For young landfills, containing large 
amounts of biodegradable organic matter, a rapid anaerobic fermentation takes place with the main 
products were volatile fatty acids (VFA) (Welander et al., 1997), and this early phase can be called 
acid phase. As a landfill matures, the methanogenic phase occurs. During this phase, methanogenic 
microorganisms develop in the waste, and the VFA are converted to landfill gas (CH4, CO2) (Renou 
et al., 2008). In addition, the organic fraction in the leachate becomes dominated by refractory 
(non-biodegradable) compounds such as humic substances (Chian and DeWalle, 1976). The reported 
values of composition of landfill leachate in Table 2.2, some concentrations of contaminants cover 
wide ranges, which can be mainly caused by the age of the individual landfills. Christen et al. (2001) 
made a summary by just dividing data from landfill sites according to their age or decomposition 
phase as shown in following Table 2.3, by which, the general behavior tendency can be observed and 
defined (Ehrig, 1983, 1988). 
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Table 2.3 Composition of landfill leachate at different decomposition phases (mg/L) 
Parameter Acid phase  Methanogenic phase Average 
 
Average Range  Average Range 
 
pH 6.1 4.5-7.5  8 7.5-9 
 
Biological oxygen demand (BOD5) 13000 4000-40000  180 20-550 
 
Chemical oxygen demand (COD) 22000 6000-60000  3000 500-4500 
 




Sulfate (SO4) 500 70-1750  80 10-420 
 
Calcium (Ca) 1200 10-2500  60 20-600 
 
Magnesium (Mg) 470 50-1150  180 40-350 
 
Iron (Fe) 780 20-2100  15 3-280 
 

























































Zinc (Zn) 5 0.1-120  0.6 0.03-4 
 
23 
1) Acid phase: Landfill leachate generated during this stage is characterized by high 
concentrations of VFA, acidic pH value, high COD value and high BOD/COD ratio. The low pH 
values tend to solublize some heavy metals. 
2) Methanoganic phase: Landfill leachate generated during this stage is characterized by almost 
neutral to alkaline pH values, low concentrations of some inorganic ions. As pH value rises, the 
heavy metals will have higher potential to be fixed. 
In acid phase, as much as 95% of the organic content consisted of VFA and only 1.3% of the 
organic content consisted of high molecular weight compounds (MW > 1000) (Harsem, 1983). 
Compare to that, in methanogenic phase leachate, 32% of organic content consisted of high 
molecular weight compounds (Christen et al., 2001). According to the results based on one 
methanogenic-phase leachate obtained from Artiola-Fortuny and Fuller (1982), more than 60% of the 
organic content consisted of humic-like material (Artiola-Fortuny and Fuller, 1982). 
The concentrations of some of the inorganic ions depend on the stabilization process in the 
landfill site. In Table 2.3, the concentrations of Ca, Mg, Fe and Mn in the methanogenic phase 
leachate are much lower than that in acid phase, which can be attributed to a higher pH (enhancing 
adsorption and precipitation) and lower content of dissolved organic content (dissolved organic 
content may complex the cations). SO4 are also lower in methanorganic phase due to microbial 
reduction of SO4
2- to S2- (Christen et al., 2001). For Cl, Na and K, no obvious differences were 
observed, because only to a minor extent governed by adsorption, complexation and precipitation.  
According to the age, the landfill site was classified into three types: recent, intermediate and old 
landfill (Chian and DeWalle, 1976). The recent landfill represent the operation period less than 5 
years, 5-10 years responding to intermediate one, and landfill more than 10 years are defined as old. 
Table 2.4 presents the typical characteristics of leachate composition responding to these three types 
(Chian and DeWalle, 1976).  
 
Table 2.4 Landfill leachate classification vs. age (Chian and DeWalle, 1976) 
 
Recent Intermediate Old 
Age (years) < 5 5-10 > 10 
pH 6.5 6.5-7.5 > 7.5 
COD(mg/L) > 10000 4000-10000 < 4000 
BOD5/COD > 0.3 0.1-0.3 < 0.1 
Organic compounds 80% VFA 5-30% VFA + HFA* HFA* 
Heavy metals Low-medium 
 
Low 
Biodegradability Important Medium Low 
*HFA: Humic and fulvic acids 
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2.4 Compacted clay liner system 
According to international regulations, landfills must be constructed with containment systems 
with low hydraulic conductivity in order to avoid contamination of groundwater and soil. The 
containment system may comprise a combination of pollutant barriers and leachate collection or 
drainage layers. Bottom liners are the most important barriers used in solid waste disposal facilities, 
which can effectively cut off the leachate migration and prevent groundwater from being polluted. 
According to Sharma and Reddy (2004), the normal bottom liners can be classifies as natural clay 
liner, such as compacted clay liner (CCL), and synthetic liners which includes geosynthetic clay liner 
(GCL), geomembrane, geotextiles, geonets and geogrids. Since CCL is commonly accepted and 
applied around the world, the author will have a short introduction about them. 
CCL are widely used in cover systems and bottom liners for landfills. CCL are liners that are 
made of natural clay material and directly compacted in field site. According to the Resource 
Conservation and Recovery Act (RCRA) Subtitle D program (40 CFR 258), the new municipal solid 
waste landfill units and lateral expansions must be constructed with a composite liner and leachate 
collection system. The composite liner must consist of an upper component of a flexible membrane 
liner and a lower component of a minimum 2-ft-thick compacted soil material with a hydraulic 
conductivity (k) value less than or equal to 1 × 10-9 m/s (Sharma and Reddy, 2004). The Wisconsin 
Department of Natural Resources (WDNR) who has monitored and operated over 80 clay lined 
municipal landfills since 1976, requires that their compacted clay liners have a minimum thickness 
of 1.5 m (Gordon et. al., 1990). In Japan, natural clay  5 m in thickness with hydraulic conductivity 
 10-7 m/s can be utilized as a liner according to the regulation for controlled landfill. Otherwise, it 
requires one of three following liner systems: (1) two geomembranes which sandwich a non-woven 
fabric or other cushin material, (2) a geomembrane underlain by an asphalt-concrete layer  5 cm in 
thickness with hydraulic conductivity  10-9 m/s, or (3) a geomembrane underlain by a clay liner  
50 cm in thickness and having hydraulic conductivity  10-8 m/s (Kamon and Katsumi, 2001). It is 
argued that these requirements for controlled landfill in Japan are not enough from the engineering 
point view (Kamon, 1999). The usage of CCL as the bottom liners was accepted around the world, 
and the criterions or regulations were different country by country. According to large amount 
literature review, Manassero et al. (1997) and Kamon and Katsumi (2001) made a summary, based 
on that, representative bottom liner system for municipal solid waste landfills in some countries is 
shown as following Fig. 2.8. 
The common characteristic of above CCL in different countries is the thickness, all which is 
higher than 0.6 m, ranged from 0.6 m to 5 m. Such high thickness can be attributed to its higher 
hydraulic conductivity compared to other synthetic liners, and higher thickness can provide 




Fig. 2.8 The criterion for bottom liner system in some countries 
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2.5 Membrane behavior in compacted clay liner system 
Membrane behavior in clays represents the ability of clays to exclude dissolved (aqueous 
misible) chemical species, or solutes, from entering the pores of the clays, thereby restricting the 
migration of the solutes through the clays (Shackelford, 2013). It is mainly attributed to two causes, 
i.e., size restriction and electrical repulsion from a diffuse-double layer (DDL) as shown in Fig. 2.9 




Fig. 2.9 The mechanism of the membrane behavior, (a) Size restriction, (b) Diffuse double layer 
 
Size restriction, which usually occurs in biological fields, is the process by which very large 
non-charged molecules, such as neutral organic compounds are blocked when the pore size is 
sufficiently small (Grathwohl, 1998). A DDL is composed of two components: a negative charge on 
the surface of the clay particles, and a distribution of counterions adjacent to the particle surface to 
counter balance the surface charge (Dominijanni and Manassero, 2012a). When the interparticle 
distance is on the same order as the pore size under an external load, the DDL overlap (Fritz and 
Marine, 1983; Fritz, 1986; Mitchell, 1993). In this case, anions cannot migrate through the pores due 
to the predominantly negative electrical potentials of the clay particle surface. To maintain electrical 
neutrality in solution, cations tend to remain with their co-ions, which restricts their movement 
(Hanshaw and Coplen, 1973; Marine and Fritz, 1981; Fritz and Marine, 1983; Fritz, 1986; Keijzer et 
al., 1997; Shackelford, 2011). Besides, for neutral (uncharged) solutes, they also may be restricted 
from migrating through clays if the solute exhibits polar charge character despite being neutral (e.g., 
carbon tetrachloride), or if the physical structure of the chemical molecule is simply too large to fit 
through the pores (Shackelford, 2013). 
When a membrane can completely restrict the migration of solute, the membrane is ideal. In this 
case, only the solvent can cross an ideal semipermeable membrane regardless of the solute 
concentration gradient. In contrast, if both the solvent and solute can cross the membrane freely, then 
the membrane property dose not exist. Actually, the membrane behavior of natural materials falls in 
between these two extremes; a function of the solute can pass through the membrane and change the 
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concentration gradient. Over a sufficiently long period of time, diffusion of solute will gradually 
equalize the concentrations on both sides, decreasing the membrane behavior until it completely 
disappears (Malusis et al., 2003; Manassero and Dominijanni, 2003; Malusis and Shackelford, 2004). 
Typically, the extent to which a soil acts as a membrane is quantified in terms of a reflection 
efficiency coefficient, σ, (Staverman, 1952; Katchalsky and Curran, 1965; Kemper and Rollins, 
1966; Spiegler and Kedem, 1966; Olsen et al., 1990) or a chemico-osmotic efficiency coefficient 
(membrane efficiency coefficient), ω (Mitchell, 1993; Malusis et al., 2003; Malusis and Shackelford, 
2004; Yeo et al., 2005; Evans et al., 2008; Kang and Shackelford, 2010; Shackelford, 2013). Because 
the σ symbol is usually designated as stress in engineering fields, ω is more commonly used to 
designate the degree of membrane behavior. The value of ω ranges from 0 representing no solute 
restrictions to 1 representing an ‗‗ideal‘‘ or ‗‗perfect‘‘ membrane that completely restricts the 
movement of solutes (i.e., 0 ≤ ω ≤ 1). In most cases involving the membrane behavior of clay, only a 
fraction of the pores are restrictive. Consequently, clay materials are usually referred to as 
‗‗non-ideal‘‘ or ‗‗leaky‘‘ membranes (Kemper and Rollins, 1966; Olsen, 1969; Barbour and Fredlund, 
1989; Mitchell, 1993; Keijzer et al., 1997). 
Extensive researches have studied in this field. Mckelvey and Milne (1962) presented the 
experimental evidence of the salt filtering ability of compacted bentonite and shale material. This 
was also the first time that the membrane behavior was discovered in soil through experiment 
method. The chemico-osmotic efficiency of compacted sodium bentonite was measured towards 
NaCl and CaCl2 solutions over a range of concentrations by Kemper and Rollins (1966), in which the 
concept of osmotic pressure was proposed by Kemper and Rollins (1966), and diffuse double layer 
theory was used to explain the mechanism of membrane behavior in soil for the first time. Kemper 
and Quirk (1972) reported the chemico-osmotic efficiency of several different kinds of clayed soil, 
including bentonite, illite, and kaolinite clays. According to the experiment conducted by Hanshaw 
and Coplen (1973), the compacted montmorillonite and illite systems behave under a wide range of 
conditions as ion-excluding or semipermeable membranes. And their results showed that the degree 
of salt filtering decreased with increasing solution concentration, which can be explained by the 
Teorell-Meyer-Siever theory.  
In 2001, Malusis et al. (2001) proposed a new apparatus to measure chemico-osmotic efficiency 
coefficients of soil through lab-scale experiment, in which the actual chemico-osmotic pressure can 
be measured by the pressure transducer connected to both surface of specimen. The chemico-osmotic 
testing cell consisted of an acrylic cylinder (7.1-cm diameter), top piston, and base pedestal, as 
shown in Fig. 2.10.  
As shown in above Fig. 2.10, the top piston was used to control the vertical stress or void ratio 
of the soil specimen and can be locked in place to prevent soil expansion. The top piston and base 
pedestal were equipped with ports that enable circulation of separate electrolyte solutions through 
porous stones at the specimen boundaries to establish and maintain a constant concentration 
difference across the specimen. Additional ports were installed in the top piston and base pedestal to 
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allow for measurement of differential pressure across the specimen. 
 
 
Fig. 2.10 The schematic of test apparatus in Malusis et al. (2001) 
 
With above test apparatus, Malusis and Shackelford (2002b) measured the chemico-osmotic 
efficiency coefficient of GCL sodium bentonite towards KCl under different concentration and 
porosity conditions. Manassero and Dominijanni (2003) proposed a model to describe the osmosis 
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Where Jv is the molar flow of the solvent and Js is the solute flow rate; k is the hydraulic conductivity 
of the porous medium, Vw is the partial molar volume of the solvent (the volume occupied by a mole 
of the solvent in the solution), γ is the unit weight of the solution (equal to the unit weight of the 
solvent for practical purposes), P represents the hydraulic pressure, ω is chemico-osmotic efficiency 
coefficient which reflect the membrane behavior, R is the universal gas constant, T is the absolute 
temperature, cs is the molar concentration of the solute; n is the effective or connected porosity of the 
soil skeleton, which represented by the interconnected voids related to the motion of pore fluids. D0 
is the diffusivity in free solution and  is a tortuosity factor given by the squared ratio of the 
straight-line macro-scopic distance between two points along a solute molecule migration path, to the 
actual length of the same solute molecule migration path (Porter et al., 1960).  
Considered the assumed rigid skeleton for the porous medium, incompressible solvent and the 
continuity of solvent flux, as well as the mass balance for the solute (Freeze and Cherry, 1979), the 
general differential equations that describe the evolution in space and time of the solute 
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Through this model, the membrane behavior was the first taken into account in the solute 
transportation model together with advective and diffusion. This model was then tested using some 
previous results to verify its consistency in terms of the physical means. Based on this model, 
Manassero and Dominijanni (2003) also made a calculation of the breakthough curve of contaminant 





Fig. 2.11 Breakthrough curves under different membrane properties based on Manassero and 
Dominijanni (2003) 
 
Not only Laboratory-scale experiment, the membrane behavior was also observed in cutoff walls 
in practice reported by Henning et al. (2006) and Evans et al. (2008). In 2009, some improvements 
on the membrane test apparatus were proposed by Kang and Shackelford (2009), in which the 
flexible-wall cell was used instead of original rigid wall. With such test apparatus, Kang and 
Shackelford (2010) measure the chemico-osmotic efficiency coefficient of Nelson Farm Clay and 
bentonite amended clay under different KCl concentration. As shown in above Fig. 2.12, the results 
proved that bentonite was effective to enhance the membrane property of normal clay. Also with the 
same test apparatus and through the laboratory-scale experiment, Kang and Shackelford (2011) 




Fig. 2.12 The membrane test results in Kang and Shackelford (2010) 
 
 
Fig. 2.13 Breakthrough curve for the barrier (ω = membrane efficiency coefficient, kh = hydraulic 
conductivity) 
 
Shackelford (2013) gave a clear explanation and proposed the theory about the scope of the 
application of the membrane for the first time. For the barrier with a relatively high hydraulic 
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conductivity, the breakthrough curve reflects advective (hydraulic) dominated transport conditions 
with some solute dispersion due to mechanical processes (e.g., variations in pore water velocity 
through the barrier), while the membrane behavior has no obvious effect, as shown in Fig. 2.13.  
However, as the hydraulic conductivity of the barrier is reduced, solute transport through the 
barrier becomes increasingly dominated by diffusion, resulting in an overall greater degree of solute 
dispersion and an increase in the time required to achieve breakthrough as shown in above Fig. 2.13. 
This increase in containment time is the primary reason for using clays with low hydraulic 
conductivity as engineered containment barriers. Furthermore, if the low-kh barrier also exhibits 
semipermeable membrane behavior (i.e., 0 < ω ≤ 1), then solute restriction will reduce the maximum 
possible value of C(L, t) at steady-state transport relative to the case where ω = 0, such that C(L, 
t)/C0 → 0 as ω → 1. Thus, as illustrated schematically in Fig. 2.13, the primary reason for 
considering engineered clay containment barriers with membrane behavior is that the containment 
function of the barrier can be improved significantly if the barrier exhibits membrane behavior 
(Shackelford, 2013). 
Shackelford (2013) also pointed out that although no direct correlation between hydraulic 
conductivity and ω has been found, there is a general expectation that ω will be greater than zero 
only in the case where kh of a soil is low, primarily because small pore sizes are required for both low 
kh and ω > 0. This is the reason why membrane behavior generally is relevant only in the case of 
clays. Furthermore, for the pore sizes to be sufficiently small to restrict the migration of dissolved 
chemical species, the clay particle sizes must be relatively small, which is a reason why membrane 
behavior generally is substantially greater in bentonites with smaller particle sizes relative to other 
clays, such as kaolin (Shackelford et al., 2003). 
Consider above, the bentonite can improve the membrane property, however, very few studies 
have evaluated the effect of bentonite content on the membrane behavior (Shackelford, 2012). 
Considering compacted clay liners that are used as bottom liners for landfills will be exposed directly 
to the leachate from the landfill, which contains very high concentration of inorganic ions such as Na, 
K, Ca and heavy metals as well as different pH conditions at different phase. For compacted clay 
liner itself, the thickness and the compaction degree differed one by one, which depends on the 
engineering case and environmental requirement. Thus, one objective of this study is to evaluate the 
factors affecting membrane behavior, including bentonite content, compaction degree, thickness, 
solution pH, concentration and solute type. Based on experiment results, the mechanisms of the 
membrane performance change were discussed with assistance of XRD patterns, free swelling results 




CHAPTER 3: GEOMETRY EFFECT ON WASTE LEACHATE 
GENERATION 
3.1 General remarks 
For landfill leachate generation, it is a long term process, ranging from several months to 
centuries, which varies one by one depending on a lot of factors, including soil properties, 
weathering conditions, waste composition, landfill operation, volume of infiltration water, landfill 
age etc.. The lysimeters are usually simulated the waste body by many researchers. Nevertheless, the 
effect of geometry characteristics were ignored usually, and those lysimeters were operated under 
various geometry factor (height/width ratio and height), which can cause the change in physical and 
thermodynamic characteristics. However, there are few studies focusing on the effect of reactor‘s 
height and H/W ratio on the physical and thermodynamic characteristics, while H/W ratio can easily 
have an influence on the external factors and resulted in the different leaching behavior and waste 
decomposition rate.  
Considering all of above, in this study, the lysimeter with different geometry factor was 
simulated the real landfill waste body, and the lysimeter test was conducted. According to the test 
results, the author had a further discussion about the geometry effect (height and height/width ratio) 
of landfill leachate generation and composition. Leaching behavior was also studied by leaching test 
to obtain the basic information of the material. Based on the lysimeter test and the discussion, the 
author also proposed optimum values of height and height/width ratio of lysimeter at the last part of 
this chapter. 
 
3.2 Materials and methods 
3.2.1 Construction and demolition waste 
Solid waste tends to increase with the improvement of life style and development of the 
economy. It is usually classified into three types; industrial solid waste (ISW), municipal solid waste 
(MSW) and hazardous waste. Construction and demolition wastes (C&D waste) are a major portion 
of industrial solid wastes of most countries. In Hong Kong, the amount of C&D waste generated per 
year was about four to five times that of municipal solid waste (Poon, 2007). Table 3.1 displays the 
C&D waste production of some countries in recent years. 
C&D waste includes materials generated from residential and commercial buildings, and from 
road construction as shown in Fig. 3.1 (Cosper et al., 1993). Utilization is a preferred management 
option for C&D waste, however, inherent pollutants may affect its potential for reuse and might have 
an environmental impact. Since the majority of C&D waste includes concrete, sand and gravel, it is 
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generally regarded as inert waste, without putrescible materials such as those found in municipal 
solid waste (MSW)(e.g., food waste), and is sometimes disposed of in unlined landfills directly 
(Bianchini et al., 2005; Rao et al., 2007; Jambeck et al., 2008). In 27 states of the U.S., the landfill 
sites for C&D waste disposal are not required to have a liner (Clark et al., 2006; Jambeck et al., 
2006).  
 




C&D Waste collected 
(1000 tones) 
References 
Finland 1995 About 8,000 (EEA, 2002) 
Germany 1996 219,921 (EEA, 2002) 
U.S.A. 1996 49,640,000 (Nunes et al., 2007) 
Australia 1996 About 25,500 (EEA, 2002) 
Netherlands 1996 About 13,500 (EEA, 2002) 
Italy 1997 About 20,500 (EEA, 2002) 
Spain 1999 About 21,000 (EEA, 2002) 
England 2002 772 (Environment Agency, 2002) 
Japan 2004 79,055 (Ministry of the Environment, 2010) 
Denmark 2005 3,785 (DEPA, 2005) 
France 2007 17,000 (Roussat et al., 2008) 
 
 
Fig. 3.1 C&D Waste 
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However, research has shown that C&D waste does go through active processes of microbial 
activity that affect both leachate and gas concentrations (Jang and Townsend, 2003). In addition, a 
small fraction of C&D waste contains chemicals that are hazardous to human health and the 
environment, for example, heavy metals and organic matters (Fatta et al., 2003). These components 
are less relevant, because they are usually considered to be immobilized in the product. However, 
under certain conditions, such as soil acidification and microbial activity, they can be extracted 
(Burnes et al., 2000; Voegelin et al., 2003; Kalbe et al., 2008). Although these hazardous wastes only 
represent a very small mass fraction of total C&D waste, they are a principal risk to the environment. 
In addition, separation of these hazardous wastes at the source requires a significant deconstruction 
effort by the demolition operator (Roussat et al., 2008). Thus, the economical and actual condition of 
the leaching behavior of C&D waste in landfills requires further research. 
In Japan, almost 20% of the industrial wastes are generated from the construction sector. 
Although several C&D wastes such as concrete, asphalt and wood have been recycled or reused at 
very high rates, as for mixed C&D waste, one third was disposed of into landfills due to the difficulty 
of recycling. In Japan, mixed C&D wastes are sent to sorting facilities to increase recycling rate and 
decrease final disposal rate. About 33% recovery can be achieved by the sorting, but 59% of the total 
is still landfilled, and it contains fine residue. The fine residue contains high content of gypsum and 
organic matter which can generate a toxic gas, hydrogen sulfide (H2S) in anaerobic condition 
(Montero, 2011). Thus, the leaching potential of sulfate and organic matter from the fine residue 
should be estimated. 
For the laboratory scale column and lysimeter tests, the size of the particle of filled waste is an 
important parameter, because it strongly affects the leaching behavior of contaminants and the 
decomposition rate of landfill waste (Matsufuji et al., 2007). The particle size of waste samples 
sometimes needs to be uniformalized by shredding them so that representative data can be obtained 
from all reactors, lessening the effects of difference in waste particle size. For this reason, in this 
study, C&D waste residues with a particle size less than 5 mm were used. C&D waste residue used in 
this study was collected from a intermediate treatment facility located in Ibaraki Prefecture, where 
mixed C&D waste was crushed and recyclable matter recovered by manual separation, sieving, 
crushing, magnetic separation, and air classification. Fig. 3.2 shows photographs of the C&D waste 
utilized in this study. 
To understand the physical properties of C&D waste residues, bulk density, particle density 
(Pycnometer method, JIS A 1202), moisture content (raw sample at 105°C for 24 h, JIS A 1203), 
combustible content (dried sample at 600°C for 3 h), and particle size distribution (dried sample: 





Fig. 3.2 (a)(b) C&D Waste used in this study 
 
3.2.2 Experimental apparatus 
The lysimeter utilized in this study was made from PVC pipe with a wall thickness of 2 cm. The 
schematic diagram of the lysimeter is shown in Fig. 3.3. A water supply tank was fitted to the top of 
the lysimeter, to simulate rainfall. Tap water was supplied by a peristaltic pump (MP-1000, EYELA, 
Japan) after impurities and chloride ions were removed by an activated carbon filter, and was 
distributed equally by installing needles in a circle on the bottom of the water tank. Landfill gas was 
collected in a gas bag (AAK-1, GL Sciences, Japan) connected to a gas sampling tube which was 
installed through the water tank as shown in Fig. 3.3. A glass bead layer, 3 cm in thickness (Diameter, 
10 mm) was placed on the surface of the landfill waste to avoid preferential flows and to distribute 
the water evenly. A 10 cm thick layer was also placed at the bottom of the waste layer to drain the 
leachate. A 5 cm thick layer of glass beads with a smaller diameter of 5 mm was placed on top of the 
bottom glass bead layer, to prevent C&D waste loss during the test, as shown in Fig. 3.3. An online 
temperature sensor was placed at the specific height of each lysimeter to monitor the internal 
temperature, which was reported by a data logger (GL200A, Graphtec, Japan). Another gas sampling 
tube was also installed into each lysimeter to monitor the vertical distribution of landfill gas 
concentration. Glass wool was installed at the bottom of the lysimeters to avoid clogging of the 
leachate collection pipe. The leachate collection pipe was connected a bottle to collect the generated 





Fig. 3.3 Schematic diagram of the lysimeter 
 
3.2.3 Experimental procedure 
3.2.3.1 Leaching test 
The Leaching test is carried out to extract minerals from a solid by dissolving them in a liquid, 
either in nature or through an industrial process. As mentioned in previous section, the C&D waste 
particles were separated into eight groups by sieve mesh based on particle size; < 53 μm, 53-75 μm, 
75-106 μm, 106-250 μm, 250-425 μm, 425-850 μm, 850 μm-2 mm and > 2 mm. Since the particle 
size might affect the leaching behavior, batch leaching tests were conducted on each particle size 
group. The leaching test followed the Japanese standard leaching test protocol (JLT-13), and the 
procedures and experimental set-up are listed in Table 3.2. The liquid to solid (L/S) ratio in the 
leaching test to determine leaching potential of inorganic ion constituents (Na, Cl, K, SO4 and Ca) 
was 10 as shown in Fig. 3.4. The liquid to solid (L/S) ratio of 10 used in this study was also 
recommended by many other researchers since it is considered to be the optimal ratio to dissolve 
most of the soluble content of the samples (Crannell et al., 2000; Sakai et al., 2000; Kalbe et al., 
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2008). The samples were shaken for 6 hours at a rotation speed of 200 rpm by shaker (NR-150, 
Taitec, Japan). The influence of reaction kinetics cannot be measured exactly within 6 hours, thus, 
the continued leaching of contaminants into the environment was not addressed. However, for 
leaching tests with a contact time of 6 hours, equilibrium conditions were assumed to have been 
reached. The filtrates were obtained using 0.45 μm filter papers with assistance of a pump and were 
analyzed for pH value and electrical conductivity (EC) with a portable EC/pH meter (F-55, HORIBA, 
Japan). The concentrations of selected inorganic cations and anions in the filtrates were measured by 
ion chromatography (IC-2001, Tosoh, Japan) and Inductively Coupled Plasma (ICP-MAS).  
 
Table 3.2 Experimental set-up of leaching test 
L/S ratio 10, mass/mass (dry matter) 
Sample mass 70 g 
leachant De-ionized water 
Agitation step 6 hours, 200 rpm, 25 ± 2 oC 
Filtration step Vacuum-pressure filtration equipment, 0.45 μm filter papers 
and porous stone 
Parameters for measurement EC, pH, concentrations of cations and anions 
 
   
(a)     (b) 
Fig. 3.4 Leaching test with liquid-solid ratio of 10 
 
3.2.3.2 Column test 
In order to study the effect of geometry on leachate generation and composition, six lysimeters 
were designed with various geometrical characteristics. Based on the influential factors, the six 
lysimeters can be divided into two groups as shown in Fig. 3.5. The first group, including R1, R2, R3 
and R4, was used to estimate the effect of lysimeter height on leaching behavior, in which the 
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diameters of all four lysimeters are constant, while the height was increased from 0.35 m to 2.1 m. 
The second group, including R2, R5 and R6, was used to estimate the effect of lysimeter width and 
height / width ratio (H/W), in which the lysimeter volumes were constant, but the H/W ratio 
increased from 0.5 to 3.5. 
 
 
Fig. 3.5 Two groups of lysimeters 
 
The geometrical factors of the lysimeters, as well as the amount of C&D waste used are listed in 
Table 3.3. During the lysimeter test, all lysimeters were filled with C&D waste residue at a dry 
density of 1100 kg/m3. The lysimeter test was run at a controlled temperature of around 25 ºC. Water 
was injected into every lysimeter from the water tank every day to simulate rainfall at about 
0.13-0.32 mL/s. According to statistics from WEPA, Japanese annual mean precipitation is 1700 mm 
(WEPA, 2011). When the evapotranspiration rate, surface flow and run off in other forms are 
considered, only around 40% of the total precipitation actually filtrates the cover soil (Kim et al., 
2011). Thus, based on the assumption of 680 mm of water injection every year the volumes of 
injected water every day can be calculated and listed in Table 3.3. Such rainfall water, together with 
the generated CO2 from landfill decomposition which will dissolve in the water, can establish mild 
acidic conditions. This carbonic acid water simulated natural rainfall. During the operation of 
lysimeter test, leachate generation was collected and weighted from the leachate collection tank 
several times per week, and then nitrogen purging was conducted to evacuate oxygen content from 
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the tank by injecting nitrogen gas directly into the tank. After the purging, the tank was sealed and 
connected to a leachate collection valve. The leachate samples were measured for temperature, pH, 
electrical conductivity (EC), inorganic ion concentrations (Na, Cl, K, SO4 and Ca) and heavy metals 
(Ba, Cu, Fe, Mg, Mo, Ni and Sr) to estimate leaching behavior. The photograph of the six lysimeters 
is shown in Fig. 3.6. 
 
Table 3.3 Characteristics and operating parameters of each lysimeters 
Lysimeter parameter Unit R1a R3a R4a R2a,b R5b R6b 
Type of solid waste 
 




Filling density  g/cm3 1.1 
Operation period  days 121 121 121 150 121 121 
Length  mm 350 1400 2100 700 300 200 
Diameter mm Ø200 Ø200 Ø200 Ø200 Ø300 Ø400 
Cross section area m2 0.03 0.03 0.03 0.03 0.07 0.13 
Volume L 11 44 65.9 22 21.2 25.1 
H/W ratio 
 
1.8 7.0 10.5 3.5 1.0 0.5 
Total mass of waste kg- wet 12.1 48.4 72.5 24.2 23.3 27.6 
Daily water injection mL 58.53 58.53 58.53 58.53 131.69 234.11 
a belongs to the group 1 which has the same diameter (Ø200mm). 
b belongs to the group 2 which has almost the same volume and the different H/W ratio. 
 
 
Fig. 3.6 The photograph of the six lysimeters used in this study 
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3.3 Results and discussions 
3.3.1 Basic physical and chemical properties of the material 
Table 3.4 shows the initial characteristics of C&D waste residue. Average moisture and 
combustible content are 17.7 % and 9.3 %, respectively, which are lower than the values of 
municipal solid waste in Japan. Bulk density, particle density and water permeability are 0.967 and 
2.46 g/cm3, and 3.2 × 10-3 cm/s, respectively, and these values are similar to those of sand and ash. 
Particle size distribution of C&D waste residue is shown in Fig. 3.7, and the sand fraction (> 0.075 
mm) is almost 90%, while the silt fraction (0.005-0.075 mm) and clay fraction (< 0.005 mm) are 
only about 6.5% and 3.5% respectively. The coefficient of uniformity and the coefficient of 
curvature were calculated using following equations 
 










                                 (3.2) 
 
where Cu represents the coefficient of uniformity, and D60 and D10 represent the grain diameters of 
60% and 10% passing, Cc represents the coefficient of curvature and D30 represents a grain diameter 
of 30% passing. D60, D30 and D10 were all obtained based on observations from the particle size 
distribution curve shown in Fig. 3.7. 
 
Table 3.4 Initial characteristics of the C&D waste residue used in this study 
Characteristics Unit Value 
Moisture content % 17.7 
Combustible content % 9.3 
Ash content % 72.9 
Bulk density g/cm3 0.967 
Particle density g/cm3 2.46 
Water permeability cm/s 3.20 × 10-3 
Grain size distribution 
  
Sand fraction (> 0.075 mm) % 90 
Silt fraction (0.005-0.075 mm) % 6.5 
Clay fraction (< 0.005 mm) % 3.5 
Coefficient of uniformity 
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Fig. 3.7 Particle size distributions for C&D waste residue 
 
Figure 3.8 shows the water retention curve for C&D waste residue. A water retention test was 
conducted to measure field capacities at different depths. Field capacity is the amount of water 
content held in soil after excess water has drained away and the rate of downward movement has 
materially decreased. Field capacity reflected the C&D waste water content in natural conditions. 
The experiment was conducted as per the following procedures.  
18 columns of 5 cm length were used, first, filled with C&D Waste residues and combined one 
by one. After constructing a column of 90 cm in length, this was put into a tank and tap water was 
injected into the tank from the bottom. This water injection continued until the column was saturated, 
and air was removed. After 15 hours, the water was removed from the port at the bottom of the tank. 
Then after a drying process at 105 oC, the mass of the waste samples was measured and the water 
retention curve was calculated. A water retention curve is usually used to predict the material water 
storage, field capacity and material aggregate stability. From the data the field capacity of C&D 
waste in this research was around 30%. 
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Fig. 3.8 Water retention curve for C&D waste residue 
 
3.3.2 Leaching test results 
The particle density and combustible content of the materials were measured according to 
particle size group. To estimate leaching potential of the residue, a leaching test was conducted at a 
L/S ratio of 10 for 6 hours, then the mixture was passed through filter paper, and the supernatant was 
stored for further measurement. The results are summarised in Table 3.5. The results of the leaching 
tests, including EC, pH, and the concentration of Ca, Na, K, SO4 and Cl of the different particle size 
groups are shown in Fig. 3.9 and Fig. 3.10. 
The filtrates showed strong alkalinity with pH ranging from 11.7 to 12.2, and electrical 
conductivity (EC) ranging from 0.313 to 0.494 S/m, as shown in Fig. 3.9. The samples exhibited 
high pH values in the leaching tests, which can be attributed to the high content of CaO in C&D 
waste, originating from cement or other construction materials (Kalbe et al., 2008). It is also apparent 
that both pH and EC values in the small particles were higher than those in the large particles, 
especially for EC. Such decline in EC value as function of particle size can be attributed to the 
soluble content of the particles, since in most cases, soluble content exists in the form of powder or 





Table 3.5 Physical and leaching property according to particle size group 

















Particle density g/cm3 - 2.57 2.49 2.47 2.58 2.44 - - 
Combustile 
content 




12.2 12.2 12.0 11.7 11.7 11.9 11.8 11.7 
EC S/m 0.494 0.455 0.383 0.313 0.314 0.332 0.332 0.325 
Ca2+ mg/L 903.53 820.71 741.65 658.82 632.47 677.65 651.29 677.65 
Na+ mg/L 86.418 77.7 75.759 61.958 54.088 64.853 78.724 61.253 
K+ mg/L 35.029 36.194 37.641 36.265 33.477 29.276 30.442 19.747 
SO4
2- mg/L 1434.4 1374.1 1453.2 1475.8 1494.6 1509.6 1475.8 1520.9 


































































































Fig. 3.9 Leaching characteristics of pH and EC from the C&D waste residue 
 
Leaching potential of inorganic ions (Na, Cl, K, SO4 and Ca) by particle size is shown in Fig. 
3.10. Overall, most particles showed similar levels of ion concentration regardless of the particle size, 
although the values of Na+ varied, with relatively high levels in particles < 0.053 mm, almost 1.8 
times higher than that of the 250-425 μm fraction. In addition, most of the inorganic ions, such as Na, 
Ca, K and Cl, exhibited a similar tendency of pH and EC, as shown in Fig. 3.10, which decreased as 
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particle size increased. The exception is SO4, which showed a slight increase as the particle size 
increased. Such a phenomenon can be attributed to the particle size of sulphate, which might be a 















































































































Fig. 3.10 Leaching characteristics of inorganic ions from the C&D waste residue 
 
3.3.3 Column test results 
Figures 3.11 and 3.12 compare the change in pH and electrical conductivity (EC) with L/S ratio 
which is defined as collected leachate related to dry substance of waste included in each lysimeter 
(mass/mass). Differed from acid pH values of landfill leachate during the acid phase in previous 
literature, very strong alkaline, pHs, ranging from 11 to 12 were observed in all lysimeters, as shown 
in Fig. 3.11 (Ehrig, 1983, 1988; Christensen et al., 2001; Baun and Christensen, 2004). Such a high 
pH value can be attributed to the high CaO content contained in C&D waste. The pH values 
displayed during the lysimeter test all reached peak values, followed by a decreasing trend. This 
trend is likely to also be related to CaO content, since CaO in the C&D waste can react with CO2, 
and form CaCO3. This ageing process leads to lower pH values in the leaching tests with water 
(Kalbe et al., 2008). Since the instability of C&D waste is mainly due to CaO, a 3-month storage 
period is required in Germany prior to utilization (Van Gerven et al., 2005). The initial pH in this 
study was slightly higher in R5 and R6 (11.5-12.2) than the others, while the value from R2 appears 
to fluctuate occasionally around 0.2-0.3 L/S ratio. The pH value of R1 experienced a sharp decline of 
0.3-0.45 L/S ratio. In addition, for R1 and R5, which have same height but different widths, the 
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change in pH values differed significantly; a gradual drop in R5 and a great decrease in R1. 
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Fig. 3.11 pH values from lysimeter tests as a function of L/S ratio 
 
It was also apparent that EC reached a peak around 0.05-0.1 L/S ratio and then had a subsequent 
decline, as shown in Fig. 3.12. However, the rates of the decrease differed between the groups. When 
the L/S ratio was 0.3, the EC values of R1 and R2 decreased by 34.6 and 36.7 % from their 
maximum values in the initial phase, while R5 and R6 showed only a 29.2 and 18.2% decrease, 
respectively. It should be mentioned that the decrease rate of R1 was a little faster than that of R5. 
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Fig. 3.12 EC values from lysimeter tests as a function of L/S ratio 
 
The soluble constituent (Cl, Na, K, Ca) concentrations of inorganic ions which are not-reactive 
(or are poorly reactive), are shown in Fig. 3.13 as a function of L/S ratio. All values decreased with 
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increasing L/S ratio regardless of the lysimeters, which suggests that soluble constituents are 
dissolved and then gradually diluted by water added through rainfall. As shown in Fig. 3.13(1c)(2c), 
Cl concentrations decreased sharply by more than 50 % compared to the peak values which are at 
least 30-50 times higher than the value of the batch leaching test (around 14.7 mg/L) in R1, R2, R5 
and R6. Cl concentrations in R3 and R4 also decreased as L/S ratio increased, although this change 
was limited. Ca concentrations also decreased significantly, as shown in Fig. 3.13(1b)(2b), and 
reached a level below that of the batch leaching test (around 762 mg/L) for R1 and R2. 
Concentrations of Na and K in R1 also showed the largest decrease in value, as shown in Fig. 
3.13(1a) and Fig. 3.13(1d), while R3 and R4 had a little increase, however, since very limited 
leachate was collected from these lysimeters, it was difficult to predict their pattern of change. 
Although the concentrations of inorganic ions in all lysimeters displayed a similar decreased as a 
function of L/S ratio, some slight differences in leaching behavior among lysimeters can be observed, 
based on the decrease rate. Specifically, the concentrations of Ca, Na and K showed a larger decrease 
in R1 and R2 compared to R5 and R6 with increasing L/S ratio. In addition, the concentrations of the 
four ions from R1 display a greater decrease than R5, shown in Fig. 3.13, and such a difference was 
also observed in the changes in EC and pH value, in Fig. 3.11 and Fig. 3.12. The lysimeters differ in 
diameter, as shown in Fig. 3.5 (group one: R1 and R2, and group two: R5 and R6). A lysimeter with 
a short width (R1 and R2) maybe can easily create a preferential flow and sidewall flow inside the 
waste layer. For this reason, only some waste in those flows can be washed out, which can also 
explain the sharp decrease in soluble constituent concentrations in the leachate of R1 and R2. In 
particular for R1 and R2, the pH values were fluctuated significantly between L/S ratios of 0.1 and 
0.4 as well as EC values. This fluctuation could be also considered as the evidence of those flows. 
On the other hand, R5 and R6, which have a greater width (0.3 m and 0.4 m) and low H/W ratio (1.0 
and 0.5), showed a gradual decrease in all parameters without observable fluctuations. Based on the 
above observations, it is rational to estimate that the lysimeter‘s width or H/W ratio has an influence 
on the leaching behavior of soluble constituents. Therefore, the proper width and H/W ratio of a 
reactor should be fully considered in a laboratory scale test.  








 R1 (Height = 0.35 m)
 R2 (Height = 0.7 m)
 R3 (Height = 1.4 m)



















 R2 (H/W = 3.5)
 R5 (H/W = 1.0)





















 R1 (Height = 0.35 m)
 R2 (Height = 0.7 m)
 R3 (Height = 1.4 m)




















 R2 (H/W = 3.5)
 R5 (H/W = 1.0)























 R1 (Height = 0.35 m)
 R2 (Height = 0.7 m)
 R3 (Height = 1.4 m)



















 R2 (H/W = 3.5)
 R5 (H/W = 1.0)




















 R1 (Height = 0.35 m)
 R2 (Height = 0.7 m)
 R3 (Height = 1.4 m)




















 R2 (H/W = 3.5)
 R5 (H/W = 1.0)











Fig. 3.13 The inorganic ions from lysimeter tests as a function of L/S ratio 
 
The height of a lysimeter is also a critical factor for the estimation of leaching behavior. Based 
on the results obtained from the lysimeter test, it was apparent that excluding Ca, the highest value of 
soluble constituent concentrations was found in R2, and not R3 or R4, which have the greater height. 
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It is suggested that soluble constituents such as Cl, Na and K can reach their equilibrium 
concentrations while water is passing through the lysimeter of 0.7 m in height. It also suggested that 
for the lysimeters with a length lower than 0.7 m, the percolation rainfall water can effectively wash 
out everywhere within the lysimeters, or the waste below 0.7 m will be submerged completely in the 
leachate. In addition, although the height of R1 and R5 are equal (0.35 m), R1 showed larger 
decreases in ion concentrations under the same L/S ratio conditions. This indicates that even if the 
height of a reactor is less than 0.7 m, as long as the width of the reactor is wide enough (more than 
0.3 m which is the width of R5) the effect of the reactor‘s height on the leaching behavior can be 
minimized. When the soluble constituents concentrations from R2, R5 and R6 in the second group 
are compared, it is apparent that even for the same volume, the waste with a low H/W ratio displays a 
slower decrease in leachate concentration, which can effectively weaken the effect of side-wall flow 
or preference flow, and under relatively low H/W ratio lysimeters, the waste can be washed out 
completely. A comparison of the concentration of inorganic ions in R1 and R2, shows that although 
they had the same diameter, their leaching behaviors were a little different. For the concentrations of 
all four ions, as shown in Fig. 13(1a)(1b)(1c)(1d), R1 decreased by a greater degree and more 
quickly than R2. Such a difference can be attributed to the height of these lysimeters, and since the 
R2 was longer than R1, it is rational to expect that the particles of C&D waste at the bottom must 
bear a greater upper loading, which resulted in more inter-particle cohesion. To some extent, 
relatively dense microstructures restricted the decomposition rate by micro-organisms. 
Figures 3.14 and 3.15 compare the concentrations of reactive constituents (SO4 and NH4). The 
values of NH4 varied between the lysimeters, but the general trends are the same in that the values 
decreased gradually after reaching their peaks: R1 showed the largest decrease, as shown in Fig. 
3.15(1). Values of SO4 were a little different in that they increased gradually with increasing L/S 
ratio in all lysimeters. In general, SO4 concentration in leachate is decreased under anaerobic 
conditions by sulphate reducing bacteria. It is reported that SO4 in a semi-aerobic lysimeter 
decreased significantly, but gradually from 2000 mg/L to 200-300 mg/L over 20 years, while SO4 in 
an anaerobic lysimeter decreased quickly to 20 mg/L over 10 years (Yanase et al., 2009). In addition, 
the leaching ability of sulfate from incinerator ash decreased with increasing pH value in a solvent 
(Miyawaki et al., 1995). However, in this study, SO4 values are increasing gradually despite the 
anaerobic conditions. A similar increase in SO4 concentration was observed in a leaching experiment 
using a 375 ton heap of municipal solid waste bottom ash (Freyssinet et al., 2002). The progressive 
increase in SO4 with time is related primarily to changes in Ca concentration in the leachate. High 
concentrations of Ca released mainly by the dissolution of non-sulphated species (e.g. portlandite 
[Ca(OH)2] and Ca silicates) can reduce gypsum solubility which contain the majority of sulphur. 
Therefore, more sulphate is able to be released from gypsum with the decrease in Ca concentration in 
the leachate. This may be the reason that SO4 increased with increasing L/S ratio. Guyonnet et al. 
(2008) also observed the same pattern of leaching behavior in a large lysimeter and indoor cell test, 
and reported that the increase in SO4 over time was caused by the late release of neoformed sulphates 
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that have time to accumulate (Ca-sulphates but also neoformed ettringite). These may be the reasons 
that SO4 increased with increasing L/S ratio. 
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Fig. 3.14 SO4 from lysimeter tests as a function of L/S ratio 
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Fig. 3.15 NH4 from lysimeter tests as a function of L/S ratio 
 
Figure 3.16 shows the concentrations of the heavy metals Ba, Cu, Fe, Mg, Mo, Ni and Sr from 
the lysimeter tests as a function of L/S ratio. Although C&D waste is regarded as inert, under special 
conditions such as microbial activity or relatively low pH conditions, large amounts of inherent 
heavy metals can be leached out. As shown in Fig. 3.16, the concentrations of leached out heavy 
metals were much higher compared to those from normal landfill leachate, especially for Cu and Ni 
(Johansen and Carlson, 1976; Chu et al., 1994; Clement and Thomas, 1995; Jørgensen and Kjeldsen, 
1995; Robinson, 1995; Krug and Ham, 1997; Kjeldsen and Christophersen, 2001). Although the 
physical characteristics of C&D waste residue, such as particle density and hydraulic conductivity, 
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closely resembled those of sandy soil or ash, the chemical characteristics were totally different. For 
sandy soil or ash, which are abundant in the composition of clay mineral, possess excellent 
adsorption capacity towards heavy metals, while for C&D waste residue, the adsorption towards 
heavy metals was very limited even under extremely alkaline conditions, as shown in Fig. 3.11 (Tang 
et al., 2009, 2010). Such a phenomenon can be attributed to three factors; first, C&D waste has a lack 
of clay minerals in its composition, such as feldspar, mica, quartz and silicate salts. which contribute 
greatly to heavy metal adsorption capacity (Tang et al., 2012); second, heavy metal ions exist in the 
form of aquatic free ions since microbial activity can affect the overall environment inside the 
lysimeter, and this results in the extraction of the heavy metals (Jambeck et al., 2006); third, most 
heavy metals exhibit parabolic concentration curves as a function of the pH value due to their 
amphoteric character (Dijkstra et al., 2006; Kalbe et al., 2008). For example, Cu is soluble at low pH 
values as a Cu2+ or CuCl+ ion, and as a hydroxy-complex at higher pH values (Cu(OH)2(aq), 
Cu(OH)4
2-). In addition, in the presence of complexing ligands such as Cl- or CO3
2-, other complexes 
are possible (Dijkstra et al., 2006; Kalbe et al., 2008). Thus considering the pH conditions inside 
most of the lysimeters in the present study (R3, R4, R5 and R6) which were higher than 11.0, it was 
rational to expect the heavy metals were soluble and leached out, as shown in Fig. 3.16. 
In addition, two types of change were observed in the concentration of heavy metals. The first 
type was a gradual decrease directly as the L/S ratio increased, observed for metals such as Ba, Cu 
and Mg (see Fig. 3.16(1a)(2a), Fig. 3.16(1b)(2b) and Fig. 3.16(1d)(2d)), while the other was an 
increase and followed by a gradual decrease or stable value, seen in metals such as Fe, Ni, Sr, and 
Mo (see Fig. 3.16 (1c)(2c) and Fig. 3.16(1e)(2e)(1f)(2f)(1g)(2g)). The direct decrease as a function 
of L/S ratio, can be attributed to the dilute effect from the continuous wash due to the percolation of 
rainfall water. From the pH conditions shown in Fig. 3.11, it is also suggested that the amphoteric 
character of heavy metals contributed to the decrease in leached out concentrations, since pH values 
decreased as L/S ratio increased, resulting in more heavy metal ions transitioning to chemical 
precipitation from instead of free ions. In Fig. 3.16 (1c)(2c) and Fig. 3.16(1e)(2e)(1f)(2f)(1g)(2g), it 
is interesting to see that the concentrations of leached out heavy metals reached peak values around 
an L/S ratio of 0.1, and similar peaks around this L/S ratio of 0.1 were also observed in EC change, 
as shown in Fig. 3.12. It suggested that around this L/S ratio value, the water content inside the 
lysimeters was optimal. Such an environment was suitable for the waste decomposition by 
micro-organism, and resulted in more leached out inherent heavy metal ions, which can help to 
explain the increase that is followed by a graduate decrease or kept stable as a function of L/S ratio 
for Fe, Ni, Sr, and Mo. As the continuous water filtration and microbial activity were restricted to 
some extent, the concentration of heavy metals gradually decreased.  
The leaching behavior of certain lysimeters also differed significantly. The concentrations of Ba, 
Cu and Sr in R1 and R2, which had relatively low widths and high H/W ratios, decreased 
significantly faster than from R3, R4, R5 and R6, which also proved the previous judgement that the 
preferential and side edge-wall flow occurred, as shown in Fig. 3.16 (1a)(2a) (1b)(2b) and (1g)(2g). 
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It was also apparent that the concentrations of heavy metals from R1 changed much more quickly 
than R2, as shown in Fig. 3.16, and this can be attributed to the denser C&D waste residue and closer 
micro-structure especially at the bottom of R2, which restrict the leaching. In Fig. 3.16, it was 
interesting to find that the highest concentration appeared in R2, not the longest lysimeter, R4, which 
can be attributed to the complete washing out in R2 as mentioned previously. 








 R1 (Height = 0.35 m)
 R2 (Height = 0.7 m)
 R3 (Height = 1.4 m)


















 R2 (H/W = 3.5)
 R5 (H/W = 1.0)





















 R1 (Height = 0.35 m)
 R2 (Height = 0.7 m)
 R3 (Height = 1.4 m)




















 R2 (H/W = 3.5)
 R5 (H/W = 1.0)



















 R1 (Height = 0.35 m)
 R2 (Height = 0.7 m)
 R3 (Height = 1.4 m)


















 R2 (H/W = 3.5)
 R5 (H/W = 1.0)





















 R1 (Height = 0.35 m)
 R2 (Height = 0.7 m)
 R3 (Height = 1.4 m)


















 R2 (H/W = 3.5)
 R5 (H/W = 1.0)





















 R1 (Height = 0.35 m)
 R2 (Height = 0.7 m)
 R3 (Height = 1.4 m)



















 R2 (H/W = 3.5)
 R5 (H/W = 1.0)
























 R1 (Height = 0.35 m)
 R2 (Height = 0.7 m)
 R3 (Height = 1.4 m)





















 R2 (H/W = 3.5)
 R5 (H/W = 1.0)





















 R1 (Height = 0.35 m)
 R2 (Height = 0.7 m)
 R3 (Height = 1.4 m)


















 R2 (H/W = 3.5)
 R5 (H/W = 1.0)










Fig. 3.16 Heavy metals from lysimter tests as a function of L/S ratio 
 
Figure 3.17 shows the COD from lysimeter tests as a function of L/S ratio. It was apparent that 
the initial COD values ranged from 7000 to 15000 mg/L, which indicated that the landfill waste can 
be classified in acid phase. In this phase, the COD values ranged between 6000 and 60000 mg/L 
(Christensen et al., 2001). Compared with the COD values in this study, greater COD values were 
reported by other researchers (Trankler et al., 2005; Castrillón et al., 2010; Salati et al., 2013). Such a 
difference in COD values can be attributed to landfill design and age, waste composition, 
temperature and precipitation conditions (Christensen et al., 2001). According to the standard B of 
Environmental Quality Regulations 1979 in Malaysia and Guidance for the Treatment of Landfill 
Leachate proposed by Environment Agency in UK, the effluent COD of landfill leachate should be 
less than 100 mg/L (Trankler et al., 2005; Environment Agency, 2007). The Ministry of Environment 
in Republic of Korea also proposed the regulation criteria towards COD, no more than 400 mg/L 
(Ahn et al., 2002). According to above regulations, the COD values in current study are considerably 
high. Therefore, further treatment is required to be carried out before discharge of leachate, or liners 
system should be designed and applied to cut off the migration of leachate to surrounding 
environment. 
The general tendency of COD is decreased as L/S ratio, and can be explained as dilution effect 
due to the rainwater percolation (Monteiro et al., 2002; Trankler et al., 2005). The COD values in R1, 
R2 and R6 experienced an increase tendency first and followed by a gradual decline; while for R3, 
R4 and R5, the COD decreased gradually along the L/S ratio. According to Kostova (2006), before 
acid phase, some landfill sites would experience a transition phase, which is characterized as an 
increase in COD values, and this might to help demonstrate the increase tendency in R1, R2 and R6. 
Around L/S ratio of 0.2-0.4, COD values of leachate from most lysimeters decreased to lower than 
4500 mg/L, which indicated landfill transferred into the methanogenic phase (COD, 500-4500 mg/L) 
(Christensen et al., 2001). The time spent on transfer from the acid phase to the methanogenic phase 
in this study were much shorter compared to previous studies, and one reason might to that the full 
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scale landfills generate leachate composed of various ages and this cannot be simulated in lysimeters 
(Trankler et al., 2005). As shown in Fig. 3.17 (1), the general tendency was decrease as L/S ratio, 
however, the decrease rates were different. Within the experimental durations, the COD from R1 and 
R2 with relative low heights, decreased more than that from R3 and R4 with longer heights. In Fig. 
3.17 (2), although the decrease tendency were similar, some conclusions can be obtained based on 
the COD decrease rate, R2 (from ~14500 to ~4500 mg/L, 69%), R5 (from ~11000 to ~3000 mg/L, 
73%) and R6 (from ~9000 to 1500 mg/L, 83%). It was obvious that for the same volume, the 
lysimeter with low H/W ratio can result in greater decease in COD values within same durations. 
Since the COD value reflect the amount of the organic contaminant, which is abundant in elements 
such as C, N, P, S, which was the basic nutrient for micro-orgamism and can be fixed during the 
leaching process, and to some extent, the change of COD partially reflected the microbial activity. 
Thus, from the results shown in Fig. 17(2), the lower H/W ratio can promote the microbial activity 
and result in the better performance of micro-organism in degradation of organic contaminant. 
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Fig. 3.17 COD from lysimter tests as a function of L/S ratio 
 
Figures 3.18 and 3.19 show the TN and TP from lysimeter test as function of L/S ratio. The TN 
mainly originated from ammonia-N (NH3-N), nitrate-N (NO3
--N) and nitrite-N (NO2
--N). While for 
TP, it is usually predominantly present in the form of phosphates, with a minor fraction of organic 
phosphate mainly in proteins. The initial TN values from lysimeters ranged between 125 and 275 
mg/L, while initial TP values ranged between 2.5 and 7 mg/L, both of that were a little lower 
compared to that from MSW leachate (Aziz et al., 2010). This phenomenon can be attributed to the 
composition of waste, for MSW landfill, domestic such as food waste is the major part, which is 
abundant in N and P; while for C&D waste, the major part is limestone, calcite, gypsum etc. 
Nevertheless, compared to the quality criteria of drinking water proposed by USEPA (2013), TN and 
TP were extremely high. Typically, the existence of high levels of TN and TP in landfill leachate over 
a long period of time is one of the most critical problem (Bashir et al., 2010).The high concentrations 
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of TN and TP, as essential nutrient, lead to motivated algal growth, accelerated eutrophication, 
promoted dissolved oxygen depletion and increased toxicity of living organisms in water bodies 
(Aziz et al., 2010). As shown in Fig. 3.18 (1) and Fig. 3.19 (1), the highest decrease rate of TN and 
TP appeared in R1, the shortest lysimeter (TN, 91%; TP, 62%). In Fig. 3.18 (2) and Fig. 3.19 (2), for 
the lysimeters with same volume, the lysimeter R6 with lowest H/W ratio exhibited highest decrease 
rate in TN and TP (TN, 92%; TP, 73%). Both nitrogen and phosphorus are important composition of 
protein, which is the essential nutrient for micro-organism. Thus, compared to other inorganic ions, 
nitrogen and phosphorus are more likely to be fixed by micro-organisms and promote the microbial 
activity (Cervantes et al., 2006). Considering above, the results in Fig. 3.18 and Fig. 3.19 suggested 
that the lysimeter with shorter height and low H/W ratio is more suitable for microbial activity, and 
to some extent, can accelerate the decomposition rate. 
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Fig. 3.18 TN from lysimter tests as a function of L/S ratio 
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Fig. 3.19 TP from lysimter tests as a function of L/S ratio 
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In order to further analyze the mechanism of leaching behavior in every lysimeter, based on the 
results shown in Fig. 3.13, Fig. 3.14 and Fig. 3.15, together with the volume and mass of leachate 
collected each time, the emission behavior of inorganic ions as a function of L/S ratio were obtained, 
as shown in Fig. 3.20. As the L/S ratio increased, the emission of SO4
2- increased, as shown in Fig. 3. 
20(1f)(2f), due to the promoted microbial activity, by which the sulfate salts originating from the 
gypsum in C&D waste were continually decomposed. In this figure, the emission from R1 was a 
little higher than others, which suggested that the microbial activity in R1 was greater. This 
conclusion was also supported by the NH4
+ emission behavior. As shown in Fig. 3.20 (1e), the 
amount of NH4
+ emission from R1 first increased, then gradually became stable, and the final 
emission amount was obviously lower than the others. Even with an L/S ratio of 0.25, the emission 
of NH4
+ stopped, which indicated the greatest amount of microbial activity, since NH4
+ can be fixed 
by micro-organisms, because ammonium salt is basic and provides excellent nutrient for their 
propagation. These findings can also help to explain the great decrease in NH4
+ from R1 in Fig. 3.15. 
In Fig. 3.20(1e)(2e) the amount of NH4
+ emission followed the order R1&R6 < R5 < R2 < R3&R4), 
which clearly indicated that lower height, or looser micro-structure inside the waste leads to more 
motivated microbial activity. Therefore, it was also helpful to demonstrate the phenomenon that 
emissions from R6 were higher than R5, since in R6, more C&D waste was decomposed and 
transited to the form of salts, then leached out, as shown in Fig. 3.20 (2a)-(2c). From Fig. 3.20 
(1b)-(1d), it can be seen that the amount of emission from R2 was highest, which can be attributed to 
both relatively motivated microbial activity and complete washing out. 
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Fig. 3.20 Emission behaviors of inorganic ions as a function of L/S ratio 
 
As shown in Fig. 3.5, gas sample tubes and temperature sensors were installed in every lysimeter 
and, according to the original experimental design, the landfill gas would be extracted by pump, and 
the temperature inside the C&D waste in lysimeter would be monitored and reported automatically 
by data logger. However, since the laboratory for lysimeter test is located in Tsukuba, Ibaraki 
Prefecture, and the Tohoku earthquake and tsunami occurred during the lysimeter test (March 11th, 
2011), the power supply of the laboratory was disrupted for almost one month. Thus, the gas and the 
temperature data were not obtained, and are not discussed in this study. 
 
3.4 Summary 
In this study, lysimeter tests were conducted in six lysimeters to estimate the effect of height and 
H/W ratio on leachate generation and leaching behavior of C&D waste residue. The C&D waste was 
collected from an intermediate treatment facility located in Ibaraki Prefecture. To avoid the effect of 
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particle size on test results, the C&D waste selected in this study had particles of < 5 mm.  
The physical characteristics of C&D waste residue, such as particle density and hydraulic 
conductivity, closely resembled those of sand and ash. According to the leaching test results, the 
concentrations of each inorganic ion showed similar levels regardless of the particle size of the 
residue. The C&D waste showed strong alkalinity with pHs in the range of 11.7 to 12.2, and EC 
values in the small particles were found to be higher than those in the large particles. Such a decrease 
of pH and EC value as a function of particle size can be attributed to particle size of soluble content, 
since in most cases, soluble content exists in the form of powder or very small particle in nature. 
In the lysimeter tests, the soluble constituent (Cl, Na, K, Ca) concentrations decreased with 
increasing L/S ratio. There were two types of decreasing shape; First is the relatively sharp decrease 
in concentrations of non-reactive constituents, shown in R1 and R2 which have a short width; second 
is the gradual decrease shown in R5 and R6. It is likely that it is caused by the preferential and 
sidewall flows which can easily occur in lysimeters with high H/W ratios. The highest concentrations 
of inorganic constituent always appeared in R2, rather than the longer R3 and R4, which suggests 
that the filtration water can completely wash the inside of the lysimeters which have a height lower 
than 0.7 m. The concentration of salt leached out in R2 was lower than that from R1, which can also 
be attributed the height of the lysimeter; as the height of lysimeter increased, the waste particles at 
the bottom must bear a greater upper loading, resulting in the lower leaching behavior. The leaching 
behavior of heavy metal ions (Ba, Cu, Fe, Mg, Mo, Ni and Sr) clearly prove that although C&D 
waste is regarded as inert, under certain conditions (lower pH and microbial activity), the inherent 
heavy metals might be leached out, as their concentrations are higher than normal MSW leachate.  
According to the results of COD, TN and TP, the values were a little lower compared to the 
leachate from MSW landfill due to several factors such as the composition of the waste. The general 
tendency of COD, TP and TN is decreased as L/S ratio, and can be explained as dilution effect due to 
the rainwater percolation. Nevertheless, for certain lysimeter, the decrease rate was different, the 
lysimeter with short height or low H/W ratio displayed more reduction. Since the COD value reflect 
the amount of the organic contaminant, which is abundant in elements such as C, N, P, S, which was 
the important composition of protein and the essential nutrient for micro-orgamism and can be fixed 
during the leaching process, and to some extent, the change of COD, TN and TP partially reflected 
the microbial activity. The conclusion can be arrived that the lysimeter with lower H/W ratio or 
shorter height can promote the microbial activity and result in the better performance of 
micro-organism in degradation of organic contaminant. 
Based on the emission behavior of some soluble constituents, the microbial activity can have a 
significant effect on leaching behavior, the amount of SO4
2- emission increased with L/S ratio, due to 
the active microbial activity, by which the sulfate salts originating from the gypsum in C&D waste 
were continually decomposed. Thus, the decomposition by microbial activity inside C&D waste has 
great effect on the leaching behavior, and should not be neglected in the research. The amount of 
NH4
+ emission followed the order R1& R6 < R5 < R2 < R3& R4, which clearly indicated that 
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shorter height, low H/W ratio or looser micro-structure inside the waste can provide more suitable 
conditions (density, upper loading, inter-particle cohesion, water content) and led to more active 




CHAPTER 4: FACTORS AFFECTING MEMBRANE BEHAVIOR 
OF CLAY LINERS 
4.1 General remarks 
Containment capacity of sanitary landfill or other hazardous waste containment infrastructure 
mainly depends on the barrier performance of liner system, especially bottom liner system. To some 
extent, liner system is the most important part to prevent the migration of contaminants, and take the 
significant responsibility to preserve the surrounding environment and humans‘ health. It is rational 
to expect that the performance of these clay liners can be greatly enhanced if they exhibit a 
semipermeable membrane behavior, by which the liners can prevent or restrict the migration of 
selected substances such as contaminants while allowing the passage of water molecules like a 
perfect semipermeable membrane.  
According to previous researches, membrane behavior has been observed in several types of 
soils used as liners or barriers, including natural soil and sodium bentonite. The observed membrane 
behavior in natural clay has been too low to sufficiently prevent the migration of contaminants. For 
sodium bentonite, it has been observed to have very excellent membrane property. However, very 
few studies have been done about the factors on membrane behavior. Since the liner applied in 
practice will be exposed to leachate or other contaminant contained solutions, and the physical 
characteristics of liner such as compactness are also differed one by one. All of above made the 
research about the membrane behavior of liners very urgent and necessary. 
Thus, considering combining the advantages of clay and bentonite, bentonite is introduced to 
make the composite material to promote the barrier performance of natural clay towards 
contaminants and enhance its membrane properties. Laboratory-scale test will be conducted, and 
different test conditions will be used to study the factors on membrane behavior, including sodium 
bentonite content, solute pH and concentration, compactness and thickness as well as different kinds 
of ions. Based on the membrane test results, the mechanism will be also discussed with assistance of 
SEM, XRD, XRF and photographs. 
 
4.2 Materials and methods 
4.2.1 Soils 
4.2.1.1 Fukakusa clay and bentonite 
Two types of soils were evaluated: a locally available natural clay and a kind of bentonite. The 
local natural clay is known as Fukakusa clay (FC) since its abundant deposit and well distributed 
around the Fukakusa area in Kyoto, Japan. Fukakusa clay, as a kind of local clay, are widely used in 
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civil engineering and environmental infrastructures in local or surrounding areas.  
Bentonite is a well-known member of the clay family for fine grained swelling types of clay. It 
contains high content of swelling clay minerals (smectites). The most common two types of 
bentonite are calcium bentonite and sodium bentonite, where sodium has the greater ability to swell 
and consequently gives better sealing i.e. lower hydraulic conductivity (Mitchell, 1976; Lundgren, 
1981; Sällfors and Öberg-Högsta, 2002). However, the sodium bentonite is only available in large 
quantities in Wyoming and Horth Dakota in the U.S. The transportation costs of moving bentonite 
from these locations to worldwide are relatively high. An alternative is to transform calcium 
bentonite into sodium bentonite, since calcium bentonite has been found in large deposits, and much 
more available around the world (Di Emidio, 2010). The peptizing process is a common method for 
replacement of calcium ions by using sodium hydroxide to treat the calcium bentonite (Sällfors and 
Öberg-Högsta, 2002). The powered sodium bentonite utilized in this study is a commercial one, 
referred to a ―super clay‖, and is originally from Wyoming, U. S. (purchased from Hojun Co. Ltd.). 
Sodium bentonite is widely used as a soil mixture additive and in slurry walls. 
 
4.2.1.2 Basic physical and chemical properties of two kinds of soil 
Table 4.1 presents the physical properties of Fukakusa clay and sodium bentonite. The soil 
particle density is 2.717 and 2.635 g/cm3 and the natural water content is 3.7% and 6.5% for 
Fukakusa clay and bentonite. The pH of Fukakusa clay is 3.0, a little different with other clay, which 
were usually exhibited alkaline nature, and the mechanism will be discussed in the section 4.4. The 
Free swell index of Fukakusa clay was only 3 mL/2g-solid, which represent almost no swelling 
property. The particle size distribution curve of Fukakusa clay is shown in Fig. 4.1.  
 
Table 4.1 Physical properties of Fukakusa clay and bentonite 
Property Units Standard 
Values 
Fukakusa clay Bentonite 
Soil particle density g/cm3 JIS A 1202 2.717 2.635 
Natural water content % JIS A 1203 3.7 6.5 
pH -- ASTM D 4972-01 3.0 9.7 
Swell index mL/2g-solid ASTM D 5890-06 3.0 23.0 
Plastic limit % JIS A 1205 14 47.3 
Liquid limit % JIS A 1205 53 540 
Grain size distribution 
 
JIS A 1204 
  













































Particle size distribution (mm)
 Fukakusa clay
 
Fig. 4.1 Particle size distribution of Fukakusa clay 
 
Table 4.2 presents the chemical properties of Fukakusa clay and sodium bentonite. For Fukakusa 
clay, the main exchangeable metal was identified as Ca2+ (10.5 meq/100g), and small amount of 
Mg2+, Na+ and K+ (3.8, 0.6 and 2.2 meq/100g). For the bentonite, the dominant exchangeable metal 
was identified as Na+ (43.7 meq/100g), then Ca2+ (22.1 meq/100g), Mg2+ (13.8 meq/100g), and only 
small amount of and K+ was detected. The sum of exchangeable metals is a little higher than CEC 
(cation exchange capacity), which can be ascribed to the presence of carbonate in the soils and part 
of the measured cations might therefore originated from the carbonates and not from the exchange 












Table 4.2 Chemical properties of Fukakusa clay and bentonite 
Property Units Standard 
Values  
Fukakusa clay Bentonite 
Cation exchange capacity meq/100g JGS 0261-2009 14.9 56.1 
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Figure 4.2 shows the XRD patterns of both Fukakusa clay and bentonite (RAD-2B, Rigaku 
Corporation, Japan). In the case of bentonite, it was abundant in Montmorillonite as can be observed 
by the characteristic peaks that appeared at 2θ = 7.02o, 19.78o, 26.60o, 29.84o, 34.86o and 36.14o. In 
the case of the Fukakusa clay, and based on the characteristic peaks appeared at 2θ = 20.94o, 26.62o, 
36.62o, 39.54o, 40.32o, 42.56o and 45.86o, it is clear the main mineral composition was quarts. 
Montmorillonite was not observed in Fukakusa clay, which can help to explain its low swelling 
property as listed in Table 2. Feldspars, illite and albite were observed in both Fukakusa clay and 
bentonite. The weak characteristic peak at 2θ = 12.43o indicates that the Fukakusa clay contained 
very limited Mica composition. 
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Fig. 4.2 XRD patterns of Fukakusa clay and bentonite 
 
4.2.2 Solutions 
De-ionized water (DIW) and solutions containing various concentrations of KCl, NaCl, CaCl2, 
ZnCl2 and Pb(NO3)2 were used in this study. The DIW was prepared from tap water by using a water 
distillation apparatus (RFD240NA, Advantec, Japan). Potassium chloride (Guaranteed reagent, 
Nacalai Tesque, Inc., Japan), sodium chloride, calcium chloride, zinc chloride and lead nitrate 
(Guaranteed reagent, Wako Ltd., Japan) are dissolved in DIW to prepare a standard KCl solution, 
then diluted to target concentrations of 0.5, 1, 5, 10, and 50 mM. Thirty-five percent HCl and 1 M 
KOH standard solution (guaranteed reagent, Nacalai Tesque, Inc., Japan) were diluted and used to 
regulate pH. The pH and electrical conductivity (EC) of the electrolyte solutions were measured by a 
pH/ion/cond.-meter (F-55, Horiba, Japan), and the results are shown in Table 4.3. 
To avoid the effect from other ions, prior to the membrane tests, all the specimens were flushed 
by permeation with DIW to remove soluble salts. As shown in Table 4.2, the dominant cations of the 
exchangeable complex in Fukakusa clay and bentonite were Ca2+ and Na+. For Ca2+ in Fukakusa clay, 
the ion exchange reaction can be neglected since its relative low atomic weight compared to K 
(Mitchell and Soga, 2005). For the case of Na+, it was hard to quantify the ion exchange with K. 
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However, considering the very low amount of bentonite, it was rational to assume that after flushing, 
the EC of the circulation outflow from the specimen boundaries during the tests was due solely to 
KCl. Additionally, the correlation between EC and KCl concentration was linear over the 
concentration range in this study. Accordingly, to simplify the measurements, the KCl concentrations 
of the circulation outflow during the test were calculated based on the measured EC values in 
accordance with the calibration line shown in Fig. 4.3. 
 




EC (mS/m)  
@18 °C (mM) (mg/L) 
De-ionized water 0 0 6.8 0.1 
KCl solutions 0.5 38 6.87 7.14 
 
1 75 6.95 14.06 
 
5 380 6.43 68.3 
 
10 750 6.3 126.7 
 
50 3800 6.56 642 
NaCl solutions 0.5 29 6.7 5.69 
 
1 58 6.7 11.14 
 
5 290 6.6 57.1 
 
10 580 6.6 102 
 
50 2900 6.5 492 
CaCl2 solutions 0.5 56 6.8 12.68 
 
1 111 6.8 21.4 
 
5 555 6.6 106 
 
10 1110 6.7 184 
 
50 5550 6.6 886 
ZnCl2 solutions 0.5 68 6.3 10 
 
1 136 6.5 19.7 
 
5 680 6.5 92.8 
 
10 1360 6.3 184 
 
50 6800 6.1 867 
Pb(NO3)2 solutions 0.5 166 6.2 13.92 
 
1 331 5.8 26.7 
 
5 1655 5.7 117 
 
10 3310 5.7 199 
 
50 16550 5.3 863 
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C = 7.0x10-2 x EC
     (R2 = 0.999)
 
Fig. 4.3 Linear relationship between EC and KCl concentration 
 
To validate this assumption, Malusis and Shackelford (2002b) compared the KCl concentration 
from the outflow based on the EC calculation to direct measurements. The results indicated an 
excellent agreement between the calculated KCl and measured Cl− concentrations, while the change 
in the K+ concentration slightly lagged behind that of Cl−. Thus, using the EC values to estimate KCl 
concentrations should be accurate, i.e., in the case of sufficiently flushed specimens. 
 
4.2.3 Test apparatus 
For laboratory scale membrane tests, two types of cells are common: flexible-wall cells (Kang 
and Shackelford, 2009; 2011) and rigid-wall cells (Malusis et al., 2001; Malusis and Shackelford, 
2002a; Malusis et al., 2003). Considering the boundary condition, the test cells can be classified by 
two groups, closed system and opern system (Shackelford, 2013). Due to simplicity and economic 
considerations as presented by Daniel et al. (1985), this study employed only rigid-wall cells and 




Fig. 4.4 Schematic diagram of the testing apparatus 
 
Figures 4.4 and 4.5 schematically depicts the testing apparatus which resembles the system 
proposed by Malusis et al. (2001). The specimen was placed into a rigid acrylic cylinder with the top 
cap and base pedestal locked in place to prevent soil from expanding and to maintain the specimen 
initial thickness. Both the top and bottom surfaces were covered by porous stones and filter papers to 
prevent the porous stones from clogging by soil particles, while the inside cylinder edge was covered 
with vaseline to prevent wall-edge flow. Ports were equipped at both the top cap and base pedestals. 
When Valve 3, 4, 5 and 6 are open, the ports are at the top cap allowed a circulation loop of 
electrolyte solution through the porous stones, whereas when Valve 1 and 2 are open, the port at the 
base pedestal allows the bottom surface of the specimen to be flushed. The electrolyte solutions on 
both sides of the specimen were circulated continuously through the porous stones by cassette 
peristaltic pumps (SMP-23AS, As One, Japan), which simulated a constant-concentration boundary 
condition at the top and a perfect flushing boundary at the bottom (Malusis et al., 2001; Malusis and 
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Shackelford, 2004). Thereby, a constant concentration difference across the specimen was 
established and maintained. 
During membrane testing, Valves 3, 4, 5 and 6 were kept open at the top. A solution of constant 
concentration from the top source solution bottle was infused through the porous stones, and traveled 
back to top source solution bottle. This configuration comprised a closed circulation loop, such that 
at the top surface boundary, the circulation inflow and outflow volumes were equal to prevent a 
solution flux through the specimen. The pressure transducer (PTI-S-JC300-22AQ-T, Swagelok, 
German), with power supplied by a regulated DC power supply (LX018-2A, Takasago, Japan), was 
installed at the top to measure and record the pressure inside the top circulation loop with the 
assistance of data acquisition system (Data logger) (NR-1000, Keyence, Japan). To avoid the 
elevation head differences between the transducer and the top, center of the specimen, and between 
the vent in the bottom circulation outflow and the bottom, center of the specimen, the transducer and 
top center of the specimen were designed at the same height. For the case of vent of bottom 
circulation outflow, it was at the bottom of the sample collection conical flask, which was placed on 
the top of specimen as shown in the image in Fig. 4.5. Moreover, to minimize stress loss, half-rigid 
acrylic bottles, connectors, valves and tubes were used for assembling the circulation loop. For the 





Fig. 4.5 Photograph of the testing apparatus 
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4.2.4 Membrane test program 
Table 4.4 presents the total membrane test program. As shown in this table, the whole membrane 
tests required totally 16 specimens, which can be divided into 5 groups based on the factor on 
membrane behavior.  
Group 1, Group 2 and Group 3 take into account of the effect of physical characteristics on 
membrane behavior. As the cost of bentonite is high, in most cases, the research was focus on the 
minimum percentage of gentonite necessary to fulfill the given requirements. Thus Group 1 
contained 5 specimens, in which the bentonite content ranged from 0 to 20%. This group is designed 
to study the optimum bentonite content to improve the membrane behavior of natural clay. Group 2 
contained two specimens with compactness 80% and 90% to study the effect of compactness on 
membrane behavior, since in practice, the compactness of bottom liners are a little difficult to reach 
100%. Group 3 included 3 specimens with different thickness ranged from 5 cm to 9 cm. 
Group 4 and Group 5 were used to study the membrane behavior under leachate with different 
conditions. Group 4 contained two specimens and the solution with different pH (4.0 and 11.0) were 
used in the membrane test. Group 5 had four specimens, and during the test, different types of solutes 
were used, including heavy metals. It has to be mentioned that during the membrane test on every 
specimen, solutes with different concentrations were utilized to study the effect of concentrations. 
According to the membrane test results obtained from membrane test towards Group 1, bentonite 
content 5% is the optimum, thus from Group 2 to Group 5, bentonite content was fixed at 5%. 
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Bentonite content Thickness Compactness 
 
Type Valence pH Concentration (mM) 
1 1 0% 3 cm Standard 
 
KCl 1+ About 7.0 0.5, 1, 5, 10 and 50 
 2 5% 3 cm Standard 
 
KCl 1+ About 7.0 0.5, 1, 5, 10 and 50 
 3 10% 3 cm Standard 
 
KCl 1+ About 7.0 0.5, 1, 5, 10 and 50 
 4 15% 3 cm Standard 
 
KCl 1+ About 7.0 0.5, 1, 5, 10 and 50 
 5 20% 3 cm Standard 
 
KCl 1+ About 7.0 0.5, 1, 5, 10 and 50 
2 6 5% 3 cm 90% 
 
KCl 1+ About 7.0 0.5, 1, 5, 10 and 50 
 7 5% 3 cm 80% 
 
KCl 1+ About 7.0 0.5, 1, 5, 10 and 50 
3 8 5% 5 cm Standard 
 
KCl 1+ About 7.0 0.5, 1, 5, 10 and 50 
 9 5% 7 cm Standard 
 
KCl 1+ About 7.0 0.5, 1, 5, 10 and 50 
 10 5% 9 cm Standard 
 
KCl 1+ About 7.0 0.5, 1, 5, 10 and 50 
4 11 5% 3 cm Standard 
 
KCl 1+ About 4.0 1, 5, 10 and 50 
 12 5% 3 cm Standard 
 
KCl 1+ About 11.0 1, 5, 10 and 50 
5 13 5% 3 cm Standard 
 
CaCl2 2+ About 7.0 0.5, 1, 5, 10 and 50 
 14 5% 3 cm Standard 
 
NaCl 1+ About 7.0 0.5, 1, 5, 10 and 50 
 15 5% 3 cm Standard 
 
PbCl2 2+ About 7.0 0.5, 1, 5, 10 and 50 
 16 5% 3 cm Standard 
 
ZnCl2 2+ About 7.0 0.5, 1, 5, 10 and 50 
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4.2.5 Specimen assembly and preparation 
Both Fukakusa clay and bentonite were dried under 105 oC for at least 24 hours by using 
constant temperature oven (DNE600, Yamato, Japan). Then the FC was mixed with bentonite at 
several different content (0, 5%, 10%, 15%, and 20%) on a total dry weight basis (e.g., 5% bentonite 
content = 5 g dry bentonite per 100 g of FC-bentonite mixture). As shown in Table 4.4, for Group 1 
which contained five specimens to study the effect of bentonite content, the bentonite content ranged 
from 0 to 20%, while the other 4 groups the bentonite content was fixed at 5%. Then, water was 
added to the soil mixture by a mixing machine (KM-800, Kenmix, Japan) to achieve the optimum 
water content shown in Table 4.5. The optimum water content was based on preliminary standard 
compaction tests following JIS A 1210. To ensure that water was well distributed without 
evaporation, each sample was covered with a polyethylene membrane and allowed to stand for 12 h 
after blending. After that, the specimens were started to prepare following three stages: assembly, 
saturation and flushing. 
 
Table 4.5 Results of the standard compaction tests 
Soils 
Standard compaction test (JIS A 1210) 
Maximum dry density Optimum water content 
Fukakusa clay (FC) 1.51 g/cm3 23.0% 
FC + 5% bentonite 1.42 g/cm3 23.2% 
FC + 10% bentonite 1.48 g/cm3 24.0% 
FC + 15% bentonite 1.46 g/cm3 24.8% 
FC + 20% bentonite 1.43 g/cm3 25.6% 
 
First, each specimen was compacted to reach maximum dry density directly in a cell column 
with an inner diameter of 100 mm and height of 30 mm. For the specimens in Group 3 as shown in 
Table 4.4, special cell column with height of 50 mm, 70 mm and 90 mm were designed and used. 
Compared to the molds used in standard compaction tests (JIS A 1210), this study employed thinner 
specimens to reduce the duration of the membrane tests (Shackelford et al., 2003; Kang and 
Shackelford, 2010). Wider diameters were used compared to standard hydraulic conductivity tests 
(ASTM D 5084) to minimize side-wall flow (Kim et al., 2011).  
Second, all the specimens were submerged in DIW inside a vacuum chamber connected to a 
pump (LMP100, Welch, Japan). Because the specimens contained bentonite, which has its own 
swelling properties, each specimen was mounted between two porous stones and filter papers and 
clamped by three vices to prevent expansion while reaching saturation. Since in Group 1, the 
specimen contain bentonite content 20%, 15% and 10%, to ensure sufficient saturation, the saturation 
process lasted three days under a vacuum with a pressure of about −85 kPa, and for the case of 
specimens in other groups, the saturation process lasted for only one day. 
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After saturation step, each specimen was assembled with a top cap and base pedestal. Then, 
specimens were permeated with DIW for flushing. To accelerate the flushing stage, an average of 
four meters‘ constant water head was applied with the hydraulic gradient around 135. Despite the 
high hydraulic gradient during flushing, the flushing stage still took about 60-70 days for most of 
specimens, and almost 160 days for specimens in Group 3. Following previous research, the flushing 
stage in this study terminated when the EC of the outflow was less than 3.6 mS/m (50% of the EC of 
the lowest KCl concentration used in this study) (Kang and Shackelford, 2009, 2011). The primary 
purpose of flushing was to remove soluble salts from the specimens in order to enhance the potential 
of the membrane behavior (Malusis et al., 2001; Malusis and Shackelford, 2002a, b; Kang and 
Shackelford, 2009, 2011). During the flushing stage, the outflow volume, duration, and hydraulic 
gradient were recorded for use in the hydraulic conductivity calculation following Darcy‘s law. For 
every specimen with certain bentonite content in Group 1, parallel specimen was prepared under 
duplicate test condition. After the saturation process, the specimen was used for the membrane test, 
while its parallel specimen was for the measurement and calculation of initial saturation degree. The 
saturation degree of specimens in Group 2, 3, 4 and 5 were calculated based on measurement of the 
dry and saturated specimens after the membrane test. 
 
4.2.6 Membrane test procedures 
To establish a steady baseline pressure difference across a specimen, DIW was circulated first 
over both the top and bottom boundaries of the specimens at a constant circulation rate (about 205 
mL/d) for six days prior to introducing different concentration solutions.  
Each membrane test consisted of five individual circulation stages. In each stage, one of the five 
electrolyte solutions with solute concentrations of 0.5, 1, 5, 10 and 50 mM was infused sequentially 
into the top porous stone of the specimen, while flushing the bottom surface with DIW. Each stage of 
the test was conducted until a stable chemico-osmotic pressure difference across the specimen was 
observed. 
The outflow from the bottom circulation was sampled for EC measurement. For the five 
specimens in Group 1, the concentration of KCl due to the diffusion during membrane test was 
estimated based on the EC values in accordance to the correlation curve shown in Fig. 4.3. However, 
for the top surface, which had a closed circulation loop, the samples were only collected and 
measured for EC at the beginning and end of every stage, as a check on the boundary conditions. 
With the concentration at top and bottom boundary, the theoretical chemico-osmotic pressure can be 
calculated. 
After the saturation process of specimen, the circulation loop system was full of water without 
air inside. Since both water molecules and soil particles were incompressible, the pressure can be 
transferred through the soil and water media inside the system. The transducer was installed at the 
top circulation to measure the chemico-osmotic pressure difference indirectly as shown in Fig. 4.4. 
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After six days of DIW circulation process, there was no concentration gradient across the specimen, 
thus theoretically, the pressure at both top and bottom side were same, equal to the atmospheric 
pressure. However, because of some unknown factors, minor pressure differences were measured 
between the top and the bottom circulation loop which was the baseline pressure referred before. 
After introducing electrolyte solutions, with the concentration difference as well as the existence of 
membrane behavior, the pressure of the top circulation loop changed and caused to establish new 
pressure equilibrium. The sum of the osmotic pressure and atmospheric pressure was equal to the 
pressure measured by the transducer. Hence, the chemico-osmotic pressure ∆P′ firstly can be 
approximately calculated as follows: 
 
' transducer atmosphereP P P                            (4.1) 
 
Ptransducer represented the pressure measured by the transducer at the top circulation loop; 
Patmosphere was the local atmospheric pressure. To eliminate the unknown factor which leaded to the 
minor pressure difference, the actual chemico-osmotic pressure, ∆P, can be written as follows: 
' baselineP P P                                (4.2) 
 
Where Pbaseline represented the measured baseline pressure during the first six days. To prevent 
variations in the conditional parameters during the tests, the membrane tests were carried out in a 
room with control temperature. The temperature during the membrane test was measured and 
reported by a Thermo Recorder (TR-72Ui, T&D, Japan), and the results were shown as following 
Table 4.6. 
 
Table 4.6 Temperature range and average value during membrane test 
Group Temperature range (oC) Average value (oC) 
1 16.8 - 18.8 17.8 
2 21.0 - 23.0 22.0 
3 21.0 - 23.0 22.0 
4 21.0 - 23.0 22.0 
5 21.0 - 23.0 18.0 
 
4.2.7 Calculation of chemico-osmotic efficiency coefficient 
The membrane test aimed to maintain a steady-state concentration gradient across the specimen 
while preventing hydraulic flow inside the specimen. Consequently, a chemico-osmotic pressure 
developed and was directly related to the value of ω. Throughout the membrane tests, the thickness 
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and volume of the remained constant, and the amount of infused circulation liquid was equal to the 
amount of the outflow circulated. Therefore, the source solution and DIW were not allowed to enter 
or exit the specimens during the test. Moreover, because an electrical current was not applied across 
the specimen and the non-conductive acrylic cell prevented short-circuiting inside the specimen. ω 
was defined as (Katchalsky and Curran, 1965; Groenevelt and Elrick, 1976; Van et al., 1996; Malusis 








                                 (4.3) 
 
Where ∆P is the actual chemico-osmotic pressure difference across the specimen due to membrane 
behavior, and ∆π is the theoretical maximum chemico-osmotic pressure across an ideal 
semipermeable membrane subjected to an applied concentration difference (Olsen et al., 1990). As 
defined by Eq. (4.3), ω represents the ratio of the actual to the theoretical maximum 
chemico-osmotic pressure difference across the specimen, and indicates how close a membrane is to 
an ideal semipermeable membrane. 
The actual ∆P was measured by a transducer, as shown in Fig. 4.4 and indicated by Eq. (4.1) and 
(4.2). ∆π for a single salt system can be approximated using the van‘t Hoff equation based on the 
solution concentration difference across a specimen as (Katchalsky and Curran, 1965; Metten, 1966; 
Tinoco et al., 1995): 
 
vRT C                                 (4.4) 
 
Where v is the number of ions in one salt molecule (e.g., v = 2 for a 1:1 electrolyte solution (e.g. 
NaCl, KCl), whereas v = 3 for a 2:1 electrolyte solution (e.g., CaCl2)), R is the universal gas constant 
(8.314 J/molK), T represents the absolute temperature of the membrane testing system in K, and ∆C 
is the concentration difference across the specimen. For NaCl and KCl solutions used in this study, 
Eq. (4.4) can be rewritten as (Malusis and Shackelford, 2002b): 
 
2 ( )t bRT C C                               (4.5) 
 
While for the case of CaCl2, PbCl2 and ZnCl2, Eq. (4.4) can be rewritten as: 
 
3 ( )t bRT C C                               (4.6) 
 
The van‘t Hoff expression is based on the assumption that the electrolyte solutions are ideal and 
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dilute. Hence, it provides only approximate values of the chemico-osmotic pressure difference. Fritz 
(1986) noted that the error associated with the van‘t Hoff expression is low (< 5%) for 1:1 
electrolytes with concentrations < 1 M (Malusis et al., 2001; Malusis and Shackelford, 2002b). 
In this study, the source solution was circulated at the top surface to provide an upper boundary 
concentration of Ct0 > 0, while the bottom surface was flushed with DIW to provide a bottom 
boundary concentration of Cb0 = 0. Thus, the chemico-osmotic efficiency coefficient, ω0, can be 
expressed as follows (Malusis and Shackelford, 2002b): 
 
0
0 0 0 0 0 0( )t b t
P P P P P
vRT C vRT C C vRTC

 
    
    
   
             (4.7) 
 
∆π0 exists under a perfect flushing boundary condition when the circulation rate is sufficiently 
large so that the boundary solute concentrations caused by diffusion are negligible. However, in 
practice, the circulation rate is insufficient, and changes in the boundary concentrations due to 
diffusion may result in a time-dependent reduction of ∆π (Malusis et al., 2001). In terms of the 
average solute concentration, the average chemico-osmotic efficiency coefficient, ωave, is given as 




ave ave ave t ave b ave
P P P P
vRT C vRT C C

 
   
   
   
              (4.8) 
 
Where Ct, ave and Cb,ave are the average solute concentrations across the top and bottom of the 
















                     (4.9) 
 
Because Ct, ave < Ct0 and Cb,ave > Cb0, the initial chemico-osmotic pressure difference, ∆π0, is  
slightly greater than the average chemico-osmotic pressure difference, ∆πave. Consequently for the 
same measured osmotic pressure ∆P, ω0 will be less than ωave in accordance with Eq. (4.7) and (4.8) 
(Malusis et al., 2001; Kang and Shackelford, 2011). 
 
4.3 Results 
4.3.1 Specimen flushing 
Figure 4.6 presents the EC of the outflow during the flushing stage for all five group specimens. 
The general trends were same that EC of the outflow for all specimens decreased as the flushing 
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stage due to continual permeation with DIW and the eventual reduction in the dissolved salt content. 
However, there was still a little difference among the specimens. It is obvious to find that for 
specimens in Group 1, as the bentonite content increased, the initial effluent EC increased. In 
addition, it can be found that for the same material (FC + 5% bentonite in Group 1, Group 4 and 
Group 5) flushed in different group, the initial EC values were significantly different. Such 
difference can be attributed to the solute loss during the saturation process, for specimens in Group 1, 
the saturation process lasted for 3 days to make sure completely saturate, while in Group 4, and 5, 
the saturation process lasted for only 1 day. Thus, it is rational to explain the much lower initial EC 
in Group 1 compared to the same material used in Group 4 and Group 5. Most of the specimens were 
flushed by about 60 days except specimens in Group 3, in which the flushing stage lasted for about 
160 days. 
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Fig. 4.6 EC values for the specimens during the flushing stage: (a) Group 1, (b) Group 2, (c) Group 3, 
(d) Group 4, (e) Group 5. 
 
Figure 4.7(a)-(e) presents the hydraulic conductivities of all the specimens measured during the 
flushing stage. For a certain specimen, it is apparent that in most specimens, the hydraulic 
conductivity slightly decreased with time, and such phenomenon were especially apparent in Group 
1, Group 3 and Group 5 as shown in following Fig. 4.7(a), Fig. 4.7(c) and Fig. 4.7(e). This time 
dependent decrease might to be attributed to the concentration of leaching flow. With the flushing 
stage going, the leached out soluble salts became less, which resulted in the increase of the thickness 
of DDL and the decrease of concentration of the outflow in response. And according to the results 
observed by Shackelford et al., (2000), lower concentration result in lower hydraulic conductivity. 
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Fig. 4.7 Hydraulic conductivities for the specimens during the flushing stage: (a) Group 1, (b) Group 
2, (c) Group 3, (d) Group 4, (e) Group 5. 
 
From Fig. 4.7 (a), it can be seen the hydraulic conductivity of FC at the end of flushing stage is 
1.58 × 10−9 m/s, several times higher than that of Nelson Farm Clay (1.5 × 10−10 m/s) reported by 
Kang and Shackelford (2010), and this difference can be attributed to the micro-structure and 
composition of the soils. The hydraulic conductivity for FC is greater than the common upper limit 
for landfill liners of 1.0 × 10−9 m/s, which indicate that it is not suitable to use as landfill liner 
directly (Katsumi et al., 2008a; Kamon and Katsumi, 2001). However, as the bentonite content 
increased, the hydraulic conductivity decreased as shown in Fig. 4.8, which plots hydraulic 
conductivities at the end of flushing stage (y-axis) versus bentonite content (x-axis). As bentonite 
content increased to 5, 10, 15 and 20%, the hydraulic conductivity decreased to 1.07 × 10−9 m/s for 
FC plus 5% bentonite, 6.04 × 10−10 m/s for FC plus 10% bentonite, 2.74 × 10−10 m/s for FC plus 15% 
bentonite, and 8.23 × 10−11 m/s for FC plus 20% bentonite. The introduction of bentonite also made 
natural Fukakusa clay suitable for use as a liner. Based on the results by Shackelford et al. (2000), as 
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bentonite content increase, the swelling nature will cause to decrease or block the effective void for 
permeation, which can lead to the decrease of hydraulic conductivity (Shackelford et al., 2000). 
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Fig. 4.8 Hydraulic conductivity change as function of bentonite content 
 
Figure 4.9 shows the pH of the outflows during the flushing stages for specimens in Group 2, 
Group 3, Group 4 and Group 5. Based on the results of the flushing, it was evident that a time period 
of two months more would be required to bring the pH of the outflow pH much closer to 7.0 for 
specimens in all groups. To reduce the total duration of the membrane tests, the flushing stage was 
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Fig. 4.9 pH for the specimens during the flushing stage: (a) Group 2, (b) Group 3, (c) Group 4, (d) 
Group 5. 
 
Based on above Fig. 4.6, Fig. 4.7 and Fig. 4.9, the electrical conductivity (EC), hydraulic 
conductivity (k) and pH of the outflow before and after the flushing stage was summarized in 
following Table 4.7. 
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Flushing stage start 
 

























1.58 × 10−9 
 








1.07 × 10−9 
 








6.04 × 10−10 
 








2.74 × 10−10 
 








8.23 × 10−11 
2 6 5% 3 90% 
 
435 3.2 1.69 × 10-9 
 
2.25 6.1 1.49 × 10-9 
 
7 5% 3 80% 
 
310 3.2 2.75 × 10-9 
 
1.76 6.6 2.01 × 10-9 
3 8 5% 5 Standard 
 
738 2.9 1.27 × 10-9 
 
4.1 6 1.45 × 10-9 
 
9 5% 7 Standard 
 
800 3.3 3.99 × 10-9 
 
3.8 6.2 2.33 × 10-9 
 
10 5% 9 Standard 
 
930 3.4 8.08 × 10-9 
 
3.6 6.3 4.60 × 10-9 
4 11 5% 3 Standard 
 
720 3 9.30 × 10-10 
 
3.76 6.4 1.01 × 10-9 
 
12 5% 3 Standard 
 
514 3 8.88 × 10-10 
 
4.3 6 0.98 × 10-9 
5 13 5% 3 Standard 
 
685 3.1 1.36 × 10-9 
 
2.5 6.2 1.01 × 10-9 
 
14 5% 3 Standard 
 
734 3.3 1.37 × 10-9 
 
2.9 6.4 0.95 × 10-9 
 
15 5% 3 Standard 
 
810 3.1 1.17 × 10-9 
 
3.5 6 0.98 × 10-9 
 
16 5% 3 Standard 
 
695 3.5 1.29 × 10-9 
 
2.8 5.9 0.99 × 10-9 
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4.3.2 Boundary concentration during the membrane tests 
4.3.2.1 Effect of bentonite content 
Figure 4.10 presents the boundary KCl solute concentrations calculated according to the 
calibration (Fig. 4.3). The tests consisted of five stages where the KCl concentrations for the source 
solutions circulated through the top increased from 0.5 mM to 50 mM. The KCl concentration of 
outflow at the top (Ct) decreased slightly compare to source solution at the beginning of every stage 
(Ct0) (Ct < Ct0) in most cases, while that of the bottom circulating effluent eventually increased over 
time (Cb > Cb0) (Malusis and Shackelford, 2002b; Kang and Shackelford, 2010). These observations 
were consistent with the solute loss from the source solutions due to KCl diffusion or adsorption by 
soil minerals inside the specimens (Tang et al., 2009; Tang et al., 2010; Li et al., 2010; Tang et al., 
2012).  
 
























































































































































































































Fig. 4.10 KCl concentration at boundaries during the membrane tests (a) FC; (b) FC plus 5% 
bentonite; (c) FC plus 10% bentonite; (d) FC plus 15% bentonite; (e) FC plus 20% bentonite 
 
4.3.2.2 Effect of compactness 
Figure 4.11 shows the boundary KCl concentrations for the specimens under different 
compaction degree. The KCl concentration of the source solution at the top decreased slightly 
compare to the beginning of every stage (Ct < Ct0), while that of the bottom circulating effluent 
eventually increased over time (Cb > Cb0). The continuous diffusion from the top side across the 
specimens leaded to the increase of concentration at bottom side. For top side, the solute loss can 
also be attributed to adsorption or ion-exchange reaction between free ions and soil minerals (Tang et 
al., 2010; Tang et al., 2012). Although the concentration at the bottom side was still increasing within 
6 days, it can be neglected compared to that at top side by magnitude order, and already possible for 
calculating a stable concentration difference. 
 























































































Fig. 4.11 Boundary KCl concentrations during membrane test: (a) 90%, (b) 80% 
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The boundary pH values during membrane test are shown in Fig. 4.12(a)(b). pH values of source 
solution at top side decreased after every stage, which display the acidification trend since the acidic 
nature of Fukakusa clay. While for pH at the bottom side, although the specimens have been flushed 
before membrane test, some acidic materials distributed deeply in pores began to leach out with 
diffusion process, especially when concentration difference was higher than 10 mM. 
 

















































Fig. 4.12 Boundary pH values during membrane test: (a) 90%, (b) 80% 
 
4.3.2.3 Effect of specimen‘s thickness 
Figure 4.13 shows the boundary KCl concentrations for the specimens with different thickness. 
The KCl concentration of the source solution at the top decreased slightly compare to the beginning 
of every stage (Ct < Ct0), while that of the bottom circulating effluent eventually increased over time 
(Cb > Cb0). The continuous diffusion from the top side across the specimens leaded to the increase of 
concentration at bottom side. Compared to the specimens in other groups, less diffusion phenomenon 
can be observable except the specimen with thickness of 5 cm at highest concentration in Fig. 4.13 
(a), and such phenomenon can be attributed to the length of permeable paths. 
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Fig. 4.13 Boundary KCl concentrations during membrane test: (a) 5 cm, (b) 7 cm, (c) 9 cm 
 
The boundary pH values during membrane test are shown in Fig. 4.14(a)-(c). pH values of 
source solution at top side decreased after every stage, which display the acidification trend since the 
acidic nature of Fukakusa clay. While for pH at the bottom side, although the specimens have been 
flushed before membrane test, some acidic materials distributed deeply in pores began to leach out 
with diffusion process, especially when concentration difference was higher than 10 mM, such pH 
decrease was especially for specimen with thickness of 5 cm. 
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Fig. 4.14 Boundary pH values during membrane test: (a) 5 cm, (b) 7 cm, (c) 9 cm 
 
4.3.2.4 Effect of solute pH 
Figure 4.15 shows the boundary concentrations of KCl under different solution pH. The tests 
consisted of five stages in which the KCl concentrations for the top circulation were increased from 1 
mM to 50 mM. The KCl concentration of the source solution at the top decreased slightly compared 
to its concentration at the beginning of each stage (Ct < Ct0), while the concentration of the bottom 
circulating effluent eventually increased over time (Cb > Cb0). The decrease in concentration at the 
top can be attributed to both diffusion and adsorption, considering that, at the pH range of on 5.0 - 
7.0, it was possible for ion exchange and complex adsorption to occur (Tang et al., 2009; Li et al., 
2010). The continuous diffusion led to the increase of the concentration at the bottom. Although the 
concentration at the bottom was still increasing after six days, the increases can be neglected 
compared to the concentrations at the top, which were three orders of magnitude greater, so it was 
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already possible to obtain a stable concentration difference. 
 






















































































Fig. 4.15 Boundary concentrations of KCl during the membrane tests: (a) Solution with a pH of 4.0, 
(b) Solution with a pH of 11.0. 
 
The pH values of the solutions at the boundary during the membrane tests are shown in Fig. 4.16 
(a) and (b). At the acidic condition (pH = 4.0), the pH of the outflow showed a trend of acidification 
when the concentration was increased to 5 mM, as shown in Fig. 4.16(a). In contrast, at the alkaline 
condition (pH = 11.0), the pH of the outflow maintained stable even after the concentration reached 
50 mM, as shown in Fig. 4.16(b). Both of the source solutions at the top resisted any change in their 
pH values.  
 

















































Fig. 4.16 pH values at the boundary during the membrane tests: (a) Solution with a pH of 4.0, (b) 
Solution with a pH of 11.0 
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4.3.2.5 Effect of solute type 
Figure 4.17 shows the top and bottom boundary concentrations for different kinds of solute 
during the membrane test. The tests consisted of five stages where four kinds of solution (CaCl2, 
NaCl, ZnCl2 and Pb(NO3)2) were utilized in each specimens, while concentrations for the top 
circulation increased from 0.5 mM to 50 mM. It was apparent that Ca and Na concentration inside 
the top circulation slightly decreased at the end of almost every stage (Ct < Ct0). Compared with Ca 
and Na, it was apparent that Zn(II) and Pb(II) concentration inside the top circulation decreased 
greatly (Ct < Ct0), especially at the first two stage in which the concentration of solute almost 
decreased to 0. The decrease of concentration at top side can be attributed to diffusion and adsorption 
(Tang et al., 2009; Tang et al., 2012). At the first two stages, almost all Zn(II) and Pb(II) were 
absorbed by the soil at the top surface of the specimens, and the soil at the top surface reached the 
adsorption capacity as continually increased the solute concentration. The concentration of Zn(II) 
and Pb(II) still decreased at relative high concentration can be attributed to that more heavy metal 
ions diffused to the deeper places. For the case of concentration at the bottom boundary, Ca 
concentration increased from concentration difference increased to 1 mM, compared to that, Na ion 
concentration until concentration difference increased to 50 mM. However, for Zn(II) and Pb(II), at 
the bottom side, the concentration kept stable (Ct ≈ Ct0). Such phenomenon appeared because the 
Zn(II) and Pb(II) were absorbed by surrounding soil minerals when transport across the specimens. 
 



































































































































































































Fig. 4.17 Boundary concentrations during membrane test: (a) CaCl2, (b) NaCl, (c) ZnCl2, (d) 
Pb(NO3)2 
 
Figure 4.18 presents the boundary pH values under different solution during membrane test. The 
pH values at top side decreased after almost every stage, and some acidic salts origin from the 
ion-exchange adsorption or leached out from specimen since the diffusion process resulted in the 
decrease of pH values. For the case of pH at bottom side, the decrease trends can be observed at the 
beginning from concentration difference higher than 5 mM. The phenomenon was attributed to the 
leaching out of acidic substance origin from diffusion and ion-exchange adsorption. 
 






































































































Fig. 4.18 Boundary pH values during membrane test: (a) CaCl2, (b) NaCl, (c) ZnCl2, (d) Pb(NO3)2 
 
4.3.3 Chemico-osmotic pressure 
4.3.3.1 Effect of bentonite content 
The actual values of ∆P calculated according to Eq. (4.1) and (4.2) are shown in Fig. 4.19. DIW 
was circulated at both top and bottom sides of the specimens (Ct = Cb = 0) during the first six days, 
and the baseline chemico-osmotic pressures ranged from 0.76 kPa to 1.70 kPa. This baseline 
pressure might be due to the pressure loss inside the porous stone or remaining soluble salts of the 
specimens were leached out inside the top circulation loop (Ct > 0), while the bottom boundaries 
were flushed (Cb = 0), therefore resulted to a slight concentration difference across the specimens. 
However, both negative effects can be eliminated duration the calculation as shown in Eq (4.2). The 
similar phenomenon was also observed by Malusis and Shackelford (2002b), but it was attributed to 
slight differences in the hydraulic resistance of the porous stones at the opposite ends of the 
specimens. Shackelford (2013) attributed that to (1) the existence of remnant or residual salts or 
other chemical species stored within the porous stone, (2) slightly different circulation rates between 
the top and bottom, (3) slightly different hydraulic properties of the porous disks. 
From the figures, it is apparent that the introduction of KCl solution resulted in an immediate 
and rapid increase in the chemico-osmotic pressure. However, the incremental change decreased as 
the concentration difference increased. Except for FC where the concentration difference increased 
from 0.5 mM to 1 mM, ∆P of all the specimens decreased slightly. The time required for the 
chemico-osmotic pressure to equilibrate increased with increasing KCl concentration: less than one 
day for 0.5 mM solution, about two or three days for the 1 mM solution, and about four or five days 
for the 50 mM solution. Although some measures was taken to eliminate the negative effect of 
elevation head difference mentioned in Section 4.2.3, about 1 cm elevation head difference still 
existed between the vent of bottom circulation outflow and the top, center of the specimen as a result 
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from the thickness of porous stone and top cap. This negative effect will attenuate as concentration 
increased, and compared to the chemico-osmotic pressure, the 1 cm elevation head difference here 
can be neglected. 
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Fig. 4.19 Measured chemico-osmotic pressure across the specimens (a) FC; (b) FC plus 5% 
bentonite; (c) FC plus 10% bentonite; (d) FC plus 15% bentonite; (e) FC plus 20% bentonite 
95 
 
4.3.3.2 Effect of compactness 
Figure 4.20 shows the actual values of ∆P of the two specimens (compactness 90% and 80%). 
DIW was circulated at both top and bottom sides of the specimens during the first six days to obtain 
the baseline pressure 1.10 kPa and 1.36 kPa. From the figures, it is apparent that the introduction of 
KCl solution resulted in an immediate increase in the chemico-osmotic pressure. However, the 
incremental change decreased as the concentration difference increased, e.g. when the concentration 
difference had a five times‘ increase from 1 mM to 5 mM, ∆P increased from 2.57 kPa to 8.21 kPa 
for case of compactness 90% with increasing percent 220% and from 2.48 kPa to 6.59 kPa for that of 
compactness 80% with increasing percent 170%; Compare to that, when concentration difference 
had a five times‘ increase from 10 mM to 50 mM, the increase of ∆P were very limit.  
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(a) (b) 
Fig. 4.20 Measured chemico-osmotic pressure across the specimens: (a) 90%, (b) 80% 
 
4.3.3.3 Effect of specimen‘s thickness 
Figure 4.21 shows the actual values of ∆P of the three specimens with thickness of 5 cm, 7 cm 
and 9 cm. DIW was circulated at both top and bottom sides of the specimens during the first six days 
to obtain the baseline pressure 0.85, 1.27 kPa and 1.23 kPa. From the figures, it is apparent that the 
introduction of KCl solution resulted in an immediate increase in the chemico-osmotic pressure. 
Such increase was especially obvious when concentration increased from 1 mM to 5 mM, and as the 
concentration increased continually, the concentraton increase became less and even decrease such as 
under concentration of 50 mM in Fig. 4.21 (b) and (c).  
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Fig. 4.21 Measured chemico-osmotic pressure across the specimens: (a) 5 cm, (b) 7 cm, (c) 9 cm 
 
4.3.3.4 Effect of solute pH 
Figure 4.22 shows the actual values of ∆P for the two specimens under solution with different 
pH. DIW was circulated at both the top and bottom of the specimens (Ct = Cb = 0) during the first 12 
days to obtain the baseline pressures of 0.85 kPa and 1.45 kPa. From the figures, it is apparent that 
the introduction of KCl solution resulted in an immediate and rapid increase in the chemico-osmotic 
pressure. However, the incremental change decreased as the concentration difference increased. 
When the concentration difference increased from 1 mM to 5 mM, ∆P increased from 2.91 kPa to 
8.30 kPa for the case of pH around 4.0 with increasing percent 185%, but ∆P increased from 3.25 
kPa to 11.63 kPa for the case of pH around 11.0 with increasing percent 260%. In comparison, ∆P 
increased 7.2% and 98% in cases of pH 4.0 and pH 11.0, respectively as the concentration of KCl 
increased from 5 to 50 mM. The time required for the behavior of the membrane to equilibrate 
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depended on the concentration of KCl, and this time was about two to three days for 1 and 5 mM 
solution, and it was about three to four days for the 10 mM and 50 mM solutions. 
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(a) (b) 
Fig. 4.22 Measured chemico-osmotic pressure across the specimens: (a) Solution with a pH of 4.0, (b) 
Solution with a pH of 11.0 
 
4.3.3.5 Effect of solute type 
Figure 4.23 shows the actual values of ∆P of the four specimens under four different kinds of 
solutions (Ca, Na, Zn and Pb). DIW was circulated at both top and bottom sides of the specimens (Ct 
= Cb = 0) during the first 6 days to obtain the baseline pressure 0.42 kPa, 0.76 kPa, 0.93 kPa and 0.59 
kPa. The baseline pressures were also observed by Tang et al. (2013a, 2013b, 2014) and Malusis and 
Shackelford (2002). Tang et al. (2013a) ascribed it to the leaching out of the remaining soluble salts 
in specimens, while it was due to slight differences in the hydraulic resistance of the porous stones at 
the opposite ends of the specimens by Malusis and Shackelford (2002).  
From the Fig. 4.23 (a) and (b), it is apparent that the change of chemico-osmotic pressure under 
CaCl2 and NaCl were significantly different . For the case of CaCl2, when concentration difference 
increased from 0 to 0.5 mM, then from 0.5 to 1 mM, the introduction of electrolyte resulted in an 
immediate and rapid increase in the chemico-osmotic pressure. However, as the continuous increase 
of concentration difference to 5 mM, 10 and 50 mM, the chemico-osmotic pressure had a slight 
decrease. For the case of NaCl, the chemico-osmotic pressure has a rapid increase immediately when 
introducing electrolyte at the beginning of every stage. The distinctive change of chemico-osmotic 
pressure appeared under Zn(II) and Pb(II) concentration of 0.5 mM and 1 mM as shown in Fig. 4.23 
(c) and (d), in which the chemico-osmotic pressure increased greatly to the peak, then followed by 
the decrease until reached or closed to the baseline pressure value. Consider the pH condition, such 
phenomenon can be attributed to the adsorption process, by which the heavy metal ions were 
absorbed and resulted in the decrease of concentration difference (Tang et al. 2010). Therefore, the 
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chemico-osmotic pressure decreased until baseline pressure value since all heavy metal ions were 
absorbed and concentration difference decreased to zero. After the soil at the top surface of specimen 
reached the maximum adsorption capacity, the stable chemico-osmotic pressure can be observed at 
concentration of 5 and 10 mM. For the Pb(II) at concentration of 50 mM, the chemico-osmotic 
pressure was still decreasing, which might to be due to the adsorption inside the specimen since the 
solute diffused into the deeper place at relative high concentration.  
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Fig. 4.23 Measured chemico-osmotic pressure across the specimens: (a) CaCl2, (b) NaCl2, (c) ZnCl2, 
(d) Pb(NO3)2 
 
Considering the fluctuation of the chemico-osmotic pressure under 0.5 and 1 mM for Zn(II) and 
Pb(II) solution, and the extremely low boundary concentrations after the adsorption at the 
corresponding stages shown in previous Fig. 4.17 (c)(d) which reduced by almost 90%, it is very 
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difficult to caculate accurate average chemico-osmotic efficiency coefficients. To make the results 
more reliable and easily compared, the average chemico-osmotic efficiency coefficients at the 0.5 
and 1 mM for Pb(II) and Zn(II) solutions were calculated follow the Eq. (4.7), which used to 
calculate the initial chemico-osmotic efficiency coefficient. 
 
4.4 Discussions 
Figure 4.24 shows a comparison of the boundary solute concentrations at the bottom for 
specimens with different bentonite content during the membrane tests. It was obvious that the KCl 
concentration at the bottom side for specimen of Fukakusa clay started to increase from 
concentration difference increased to 1 mM, while for bentonite amended clay, it increased until 
concentration difference reached to 50 mM. Among four bentonite amended clay specimens, it was 
also apparent that the higher bentonite content was contained, the faster occurred in the KCl 
diffusion.  
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Fig. 4.24 Compare of the boundary concentration of the outflows at the bottom for specimens with 
different compactness 
 
Figure 4.25 shows the boundary pH at bottom side during membrane test for specimens with 
different bentonite content. The pH of the outflow at the bottom side almost kept the same pace with 
KCl concentration as shown in Fig. 4.24. For Fukakusa clay, when KCl diffusion can be observed 
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from concentration difference of 5 mM, the pH started to decreased. For the case of bentonite 
amended clay, the pH decreased when concentration difference reached to 50 mM, by which the 
diffusion also started at that moment. 
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Fig. 4.25 Compare of the boundary pH of the outflows at the bottom for specimens with different 
compactness 
 
The compare of boundary concentrations at bottom side for specimens with different 
compactness during membrane test were displayed in Fig. 4.26. The outflow EC kept stable under 
concentration 0.5 and 1 mM, and started to increase from concentration increased to 5 mM as shown 
in Fig. 4.26 (a). For KCl concentration of the outflow, it kept stable until the concentration difference 
increased to 50 mM. The change of KCl concentration was lagged behind by outflow EC, which can 
be attributed to two causes, ion-exchange and the remaining salts distribute deeply in the pore. The 
diffusion of KCl leaded to the enlargement of pore, thus more remaining soluble salts were leached 
out. And as the diffusion continues, some free K ions were fixed by the soil minerals through ion 
exchange reaction or through the form of complex which occurred ahead of the passage of KCl 
(Tang et al., 2009; Li et al., 2010). And it was apparent that as the compactness increase, both EC 
















 Compaction degree, ~80%
 Compaction degree, ~90%
































 Compaction degree, ~80%





































Fig. 4.26 Compare of boundary condition of outflow at bottom side for specimens with different 
compactness: (a) Outflow EC, (b) KCl concentration of outflow 
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Figure 4.27 shows the boundary pH at bottom side for specimens with different compactness 
during membrane test. The pH kept stable until the concentration difference reached 50 mM, which 
almost as the same pace as diffusion. And this phenomenon can also proved above judgment that as 
the diffusion continued, some soluble salts as well as acidic substance were leached out, which 
resulted in the decrease of pH values. And as compactness increased, the pH decreased less. 
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Fig. 4.27 Boundary pH at bottom for specimens with different compactness 
 
The compare of boundary concentrations at bottom side for specimens with different thickness 
during membrane test were displayed in Fig. 4.28. From Fig. 4.28(a), the EC of the outflow for 
specimens 7 cm and 9 cm kept stable, the similar tendency of KCl concentration also appeared as 
shown in Fig. 4.28(b). For the case of specimen with thickness of 5 cm, both EC and KCl 
concentration of the outflow at the bottom started until concentration difference reached 50 mM, 
while KCl change was a little lag behind by the EC. 
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Fig. 4.28 Compare of boundary condition at bottom side for specimens with different thickness: (a) 
Outflow EC, (b) KCl concentration of outflow 
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Figure 4.29 shows the boundary pH at bottom side for specimens with different thickness during 
membrane test. The pH change kept same pace as diffusion that started to decrease when 
concentration difference increased to 50 mM for specimen with 5 cm, while pH kept stable for 
specimens with thickness of 7 cm and 9 cm. And this phenomenon can also proved above judgment 
that as the diffusion continued, some soluble salts as well as acidic substance were leached out, 
which resulted in the decrease of pH values.  
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Fig. 4.29 Compare of pH at bottom for specimens with different thickness 
 
Figure 4.30(a) and (b) compare the EC contributed by KCl and the total salts at the bottom 
during the membrane tests under solution with different pH values. The black curve represents the 
EC of the total salts, which was measured directly by an EC meter, the red curve is the EC 
contributed by KCl, while was calculated based on ICP measurements and the linear relationship 
between EC and concentration (Tang et al., 2013a). Before KCl penetrated across the specimens (C < 
10 mM), KCl was a minor part of total salts that had been leached out, i.e., only 1% or 2%; however, 
after the KCl penetrated the specimens when the concentration was greater than 10 mM, its 
proportion increased sharply and finally reached about 10%. Compared to the concentration at the 
top side, the change at the bottom can be neglected when calculate the concentration difference. 
However, to make the results more accurate and reliable, in the following test, the boundary solute 
concentration were measured directly by using ICP-MAS (ICPS-8000, Shimadzu, Japan). 
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Fig. 4.30 EC of KCl and total salts in the outflow at the bottom for (a) Solution with a pH of 4.0, (b) 
Solution with a pH of 11.0 
 
Figure 4.31(a) and (b) show a comparison of the boundary concentrations at the bottom during 
the membrane tests under solution with different pH values. When the pH of the solution was 4.0, the 
salt content that remained in specimens began to dissolve when the concentration reached 5 mM, as 
indicated in Fig. 4.31(a), and Fig. 4.31(b) shows that the penetration of KCl occurred even after the 
concentration was increased to 50 mM. Thus, it was indicated that, under acid conditions, at 
concentrations between 5 mM and 50 mM, only the salt content that remained began to leach out at 
the bottom, since the solute cannot transfer across the specimens. This phenomenon was due to the 
ion exchange adsorption, by which most K ions were fixed by minerals in the soil (Tang et al., 2010; 
Tang et al., 2012). In contrast, when the pH of the solution was 11.0, the concentrations of both EC 
and KCl began to increase after the concentration reached 50 mM. According to the changes in EC 
shown in Fig. 4.31 (a), the changes in the outflows for both the pH = 4.0 and pH = 7.0 cases 
exhibited great similarity, showing almost the same increase rate and the same equilibrium value, 
which proved the very slight erosion effect of the acid solution on the specimens. In addition, it was 
easy to determine that, when the pH of the source solution increased, less solute diffused, suggesting 
that the performance of Fukakusa clay-bentonite as a barrier was much better in alkaline conditions 


































 Solution pH, ~4.0
 Solution pH, ~11.0














 Solution pH, ~4.0





































Fig. 4.31 Comparison of the boundary condition of the outflows at the bottom for specimens with 
different solution pH: (a) EC of the outflow and (b) KCl concentration of outflow 
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Figure 4.32 shows the boundary pH at bottom side under solution with different pH values 
during membrane test. All three specimens displayed excellent buffer capacity, and can resist the pH 
change under relative low concentration. As the concentration increased to higher than 5 mM, the 
buffer capacity appeared to diverse. Under pH 11.0, it still remains strong as before, while in pH 4.0 
and 7.0‘s case, the buffer capacity were weaken to great extent. Compare Fig. 4.32 with Fig. 4.31, it 
can be found that buffer capacity change and kept the same step as solute diffusion, maybe the 
diffusion process accelerate this acidification rate. 
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Fig. 4.32 Comparison of the boundary pH of the outflow at the bottom 
 
The compare of boundary concentrations at bottom side for specimens with different solution 
during membrane test were displayed in Fig. 4.33(a) and (b). From Fig. 4.33 (a), the EC of outflow 
for K, Ca and Na increased when concentration higher than 5 mM. In Fig. 4.33(b), it was clear that 
the concentration of Ca and Na of the outflow at the bottom side exhibited similar trend that the 
solute concentration kept stable and started to increased until the concentration difference increased 
to 50 mM. Compare to solute concentration of the outflow, the EC increased almost 12 days earlier, 
which can be attributed to the ion-exchange adsorption and some soluble salts were generated. While 
for heavy metal ions, it was clear that the concentration of Pb(II) of the outflow at the bottom side 
keep stable, no apparent increase can be observed during the membrane test. It also indicated Pb(II) 
cannot transport across the specimens. However, for the case of Zn(II), when concentration 
difference reached 50 mM, the diffused Zn(II) across the specimen was observed. And the EC of 
outflow for both Zn(II) and Pb(II) increased when concentration difference increased to 50 mM as 
shown in Fig. 4.33(a). Compare to the stable concentration of Zn(II) and Pb(II) at outflow, the 
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increase of EC can be attributed to the ion-exchange adsorption and some soluble salts were 
generated. And the EC of outflow for Zn(II) was a little higher than Pb(II), which resulted from the 
diffusion of some Zn(II).  
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Fig. 4.33 Compare of boundary condition at bottom side for specimens with different solution: (a) 
Outflow EC, (b) Solute concentration of outflow 
 
Figure 4.34 shows the boundary pH at bottom side for specimens under different solutions 
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during membrane test. For Ca and Na ions, the pH of outflow started to decrease from concentration 
difference reached 50 mM, while for heavy metal ions, there was no observable change occurred 
during the membrane test. Such same pace of change with diffusion as shown in Fig. 4.33(b) can also 
proved above judgment again that some soluble salts as well as acidic substance were leached out as 
the diffusion continued, which resulted in the decrease of pH values. 
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Fig. 4.34 Compare of pH at bottom side for specimens with different solutions 
 
Table 4.8, 4.9, 4.10, 4.11 and 4.12 list the values of ω for all specimens in the five groups. The 
ωave listed in these tables were calculated using Eq. (4.8). As previously noted, because the solute 
diffuses from the source solution into the specimen through top boundary and dissolved salts from 
the specimen to DIW are flushed from bottom boundary, the values of ωave tend to be slightly larger 
than ω0. It has to be mentioned when the KCl concentration Ct0 is sufficiently low (Ct0= 0.5 mM), the 
values of ωave for the bentonite amended FC composite materials exceed 1 (1.03, 1.12, 1.01, and 1.04) 
as shown in Table 4.8, which can be ascribed to the calculated concentration difference. During the 
membrane test, the measured EC value at the bottom boundary was contributed from not only KCl 
but also other leached out salts, which cause the calculated bottom boundary concentration (Cb) 
increase a little. Thus the theoretical osmotic pressure decreased in response (∆π = vRT∆C), since the 
concentration difference decreased (∆C = Ct - Cb), which leaded to the ωave a litter higher. And such 
experimental deviation became ignorable, as concentration increase. However, under such conditions 
(Ct0= 0.5 mM), FC plus 5%, 10%, 15%, or 20% bentonite can be regarded as an ideal permeable 
membrane in which only water can pass. This finding is consistent with the diffusion trend for the 
KCl concentration at the specimen bottom boundary shown in Fig. 4.10. Additionally, the difference 
between the values of ωave and ω0 tend to become smaller as the concentration increased. 
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Table 4.8 Summary of the membrane test results for specimens with different bentonite content 
No. 
Physical property Experimental condition Test results 
D (mm) T (mm) k (m/s) BC S (%) Ct0 (mM) ∆Cave (mM)  ∆P (kPa) ∆π (kPa) ∆πave (kPa) ω0 ωave 
1 100 30 1.58×10−9 0 97.4 0.5 0.42 1.71 2.42 2.02 0.71 0.85 
   
  
  
1 0.86 1.45 4.84 4.17 0.3 0.35 
   
  
  
5 4.60 2.65 24.19 22.24 0.11 0.12 
   
  
  
10 8.44 2.91 48.39 40.81 0.06 0.07 
            50 43.11 3.16 241.94 208.44 0.01 0.02 
2 100 30 1.07×10−9 5% 98 0.5 0.43 2.14 2.42 2.08 0.88 1.03 
   
  
  
1 0.92 2.82 4.84 4.45 0.58 0.63 
   
  
  
5 4.57 9.32 24.19 22.11 0.39 0.42 
   
  
  
10 8.63 9.66 48.39 41.74 0.2 0.23 
            50 43.28 9.84 241.94 209.28 0.04 0.05 
3 100 30 6.04×10−10 10% 96.1 0.5 0.44 2.39 2.42 2.13 0.99 1.12 
   
  
  
1 0.93 2.99 4.84 4.5 0.62 0.66 
   
  
  
5 4.48 8.38 24.19 21.67 0.35 0.39 
   
  
  
10 8.64 9.84 48.39 41.79 0.2 0.24 
            50 42.61 10.86 241.94 206.04 0.04 0.05 
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Table 4.8 Summary of the membrane test results for specimens with different bentonite content (conti.) 
No. 
Physical property Experimental condition Test results 
D (mm) T (mm) k (m/s) BC S (%) Ct0 (mM) ∆Cave (mM)  ∆P (kPa) ∆π (kPa) ∆πave (kPa) ω0 ωave 
4 100 30 2.74×10−10 15% 96.2 0.5 0.45 2.22 2.42 2.19 0.92 1.01 
   
  
  
1 0.93 3.59 4.84 4.51 0.74 0.8 
   
  
  
5 4.42 8.72 24.19 21.36 0.36 0.41 
   
  
  
10 8.59 10.26 48.39 41.54 0.21 0.25 
            50 42.60 12.06 241.94 206 0.05 0.06 
5 100 30 8.23×10−11 20% 93.8 0.5 0.44 2.22 2.42 2.13 0.92 1.04 
   
  
  
1 0.90 2.57 4.84 4.37 0.53 0.59 
   
  
  
5 4.39 9.07 24.19 21.24 0.37 0.43 
   
  
  
10 8.77 11.20 48.39 42.39 0.23 0.26 
            50 42.53 14.37 241.94 205.63 0.06 0.07 
D = Specimen diameter; T = Specimen thickness; k = Hydraulic conductivities; BC = Bentonite content; S = Saturation degree; Ct0 = Initial upper boundary concentration; 
∆Cave = Average concentration difference across specimen; ∆P = Measured actual chemico-osmotic pressure; ∆π = Theoretical chemico-osmotic pressure; ∆πave = Average 








Table 4.9 Summary of the membrane test results for specimens with different compactness 
No. 
Experiment condition Membrane test results 
D T BC Compactness  S k Ct0 ∆Cave ∆P ∆π ∆πave 
ω0 ωave 
(mm) (mm) (%) (%) (%) (m/s) (mM) (mM) (kPa) (kPa) (kPa) 
1 100 30 5 ~ 80 98.9 2.01×10-9 0.5 0.51 2.22 2.45 2.49 0.91 0.89 
       
1 0.90 2.48 4.91 4.43 0.51 0.56 
       
5 4.61 6.59 24.53 22.6 0.27 0.29 
       
10 8.58 6.59 49.05 42.08 0.13 0.16 
       
50 39.54 7.1 245.26 193.96 0.03 0.04 
2 100 30 5 ~ 90 98.6 1.49×10-9 0.5 0.52 2.39 2.45 2.54 0.98 0.94 
       
1 0.89 2.57 4.91 4.35 0.52 0.59 
       
5 4.67 8.21 24.53 22.92 0.33 0.36 
       
10 8.67 8.21 49.05 42.52 0.17 0.19 
       
50 40.34 8.55 245.26 197.87 0.03 0.04 
3 100 30 5 ~ 100 98.4 1.07×10-9 0.5 0.42 2.14 2.42 2.08 0.88 1.03 
       
1 0.91 2.82 4.84 4.45 0.58 0.63 
       
5 4.51 9.32 24.19 22.11 0.39 0.42 
       
10 8.51 9.66 48.39 41.74 0.2 0.23 
       
50 42.66 9.84 241.94 209.28 0.04 0.05 
D = Diameter of specimens; T = Thickness of specimens; BC = Bentonite content; S = Saturation degree; k = hydraulic conductivities; Ct0 = Initial upper boundary 
concentration; ∆Cave = Average concentration difference across specimen; ∆P = Measured chemico-osmotic pressure; ∆π = theoretical chemico-osmotic pressure; ∆πave = 
Average theoretical chemico-osmotic pressure; ω0 = Chemico-osmotic efficiency coefficient; ωave = Average chemico-osmotic efficiency coefficient 
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Table 4.10 Summary of the membrane test results for specimens with different thickness 
 
Experiment conditions Membrane test results 
 
D(cm) T(cm) Dry density(g/cm3) S(%) k(m/s) Ct0(mM) ∆P(kPa) ∆π(kPa) ∆πave(kPa) ω0 ωave 
1 10 3 1.503 98.4 1.07×10-9 0.5 2.14 2.42 2.08 0.88 1.03 
      
1 2.82 4.84 4.45 0.58 0.63 
      
5 9.32 24.19 22.11 0.39 0.42 
      
10 9.66 48.39 41.74 0.2 0.23 
      
50 9.84 241.94 209.28 0.04 0.05 
2 10 5 1.486 99.3 1.45×10-9 0.5 2.22 2.42 2.48 0.91 0.9 
      
1 2.82 4.84 4.6 0.58 0.61 
      
5 8.64 24.19 22.22 0.35 0.39 
      
10 9.32 48.39 43.41 0.19 0.21 
      
50 9.41 241.94 193.27 0.04 0.05 
3 10 7 1.449 98.6 2.33×10-9 0.5 2.22 2.42 2.45 0.91 0.91 
      
1 2.82 4.84 4.64 0.58 0.61 
      
5 8.64 24.19 22.37 0.35 0.39 
      
10 8.72 48.39 43.17 0.18 0.2 
      
50 8.64 241.94 188.36 0.04 0.05 
4 10 9 1.4 96.6 4.60×10-9 0.5 2.22 2.42 2.47 0.91 0.9 
      
1 2.65 4.84 4.46 0.54 0.59 
      
5 7.78 24.19 21.88 0.32 0.36 
      
10 7.78 48.39 42.23 0.16 0.18 
      
50 7.61 241.94 189.34 0.03 0.04 
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Table 4.11 Summary of the membrane test results for specimens under solutions with different pH 
No. 
Physical properties Experiment conditions Membrane test results 
D(mm) T(mm) k(m/s) BC Compactness S(%) solution pH Ct0(mM) ∆P(kPa) ∆π(kPa) ∆πave(kPa) ω0 ωave 
1 100 30 1.07×10-9 5% ~ 100% 98.4 ~7.0 0.5 2.14 2.42 2.08 0.88 1.03 
        
1 2.82 4.84 4.45 0.58 0.63 
        
5 9.32 24.19 22.11 0.39 0.42 
        
10 9.66 48.39 41.74 0.2 0.23 
        
50 9.84 241.94 209.28 0.04 0.05 
2 100 30 1.01×10-9 5% ~ 100% 96 ~4.0 1 2.91 4.91 4.63 0.59 0.63 
        
5 8.3 24.53 22.98 0.34 0.36 
        
10 8.47 49.05 42.35 0.17 0.2 
        
50 8.9 245.26 191.27 0.04 0.05 
3 100 30 0.98×10-9 5% ~ 100% 97.8 ~11.0 1 3.25 4.91 4.41 0.66 0.74 
        
5 11.63 24.53 23.33 0.47 0.5 
        
10 16.25 49.05 42.79 0.33 0.38 
        
50 23 245.26 196.22 0.09 0.12 
D = Diameter of specimens; T = Thickness of specimens; k = hydraulic conductivities; BC = Bentonite content; S = Saturation degree; Ct0 = Initial upper boundary 
concentration; ∆P = Measured osmotic pressure; ∆π = theoretical chemico-osmotic pressure; ∆πave = Average theoretical chemico-osmotic pressure; ω0 = Chemico-osmotic 
efficiency coefficient; ωave = Average chemico-osmotic efficiency coefficient 
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Table 4.12 Summary of the membrane test results for specimens with different solutions 
 
Experiment conditions Membrane test results 
 
D(cm) T(cm) S(%) k(m/s) Solute type Ct0(mM) ∆P(kPa) ∆π(kPa) ∆πave(kPa) ω0 ωave 
1 10 3 99.5 1.01×10-9 Ca 0.5 1.97 3.60 3.50 0.55 0.56 
      
1 3.34 7.21 6.84 0.46 0.49 
      
5 3.25 36.04 31.58 0.09 0.10 
      
10 2.65 72.08 64.13 0.04 0.04 
      
50 2.91 360.41 286.55 0.01 0.01 
2 10 3 93.8 0.95×10-9 Na 0.5 1.88 2.40 2.07 0.78 0.91 
      
1 3.42 4.81 4.23 0.71 0.81 
      
5 4.70 24.03 19.54 0.20 0.24 
      
10 5.64 48.05 42.70 0.12 0.13 
      
50 5.90 240.27 180.64 0.02 0.03 













      
5 1.03 36.04 27.01 0.03 0.04 
      
10 1.28 72.08 63.75 0.02 0.02 
      
50 2.48 360.41 327.56 0.01 0.01 













      
5 2.39 36.04 29.69 0.07 0.08 
      
10 3.34 72.08 65.34 0.05 0.05 
      
50 4.88 360.41 322.93 0.01 0.02 
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Based on above Table 4.8, 4.9, 4.10 and Table 4.11, Chemico-osmotic efficiency coefficient was 
plotted as functions of time period and concentration difference as shown in following Fig. 4.35, Fig. 
4.36, Fig. 4.37 and Fig. 4.38. As shown in Fig. 4.35, the chemico-osmotic efficiency coefficients ω0 
decreases as the KCl concentration increases, besides, it also displayed time dependent decrease, 
which was also observed by Malusis and Shackelford (2002b). However, the rate of decrease varies 
by specimen. For example, ω0 for FC decreases from 0.71 to 0.30 as Ct0 increases from 0.5 mM to 1 
mM, and then further decreases to 0.11 as Ct0 increases to 5 mM, but this further decrease is 
negligible. In contrast, as Ct0 increases for bentonite amended FC, ω0 decreases gradually, and 
remains above 0.20 when Ct0 is 10 mM. The results indicate that membrane behavior of natural FC 
can be neglected unless amended with bentonite (Kang and Shackelford, 2010).  
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Fig. 4.35 Chemico-osmotic efficiency coefficient as a function of time for Group 1 
 
Figure 4.36 plots ωave as functions of time and concentration difference. It was obvious that ωave 
increased as compactness increased, e.g., the ωave of specimen with compaction degree 100% was 
almost 30% higher than that with compaction degree 80% under concentration difference of 5, 10 
and 50 mM. Although difference existed among the three specimens, the general trend was same that 
ωave decreased as concentration increased, which was also observed in above Fig. 4.35. 
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Fig. 4.36 Chemico-osmotic efficiency coefficient ωave as function of time for Group 2 
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Fig. 4.37 Chemico-osmotic efficiency coefficient ωave as function of time for Group 3 
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Figure 4.37 plots ωave as functions of time and concentration difference for specimens with 
different thickness ranged from 3 cm to 9 cm. The general trend was same that ωave decreased as 
concentration increased no matter the thickness of specimen. However, under certain concentration, 
it was obvious that ωave increased as the thickness decreased, and especially under concentration of 
0.5, 5 and 10 mM. 
Figure 4.38 shows ωave as a function of time and as a function of concentration difference. 
Although the general trend was the same, i.e., ωave decreased as concentration increased, the rate of 
decrease rate varied. For example, as concentration increased from 1 mM to 10 mM for the solution 
with a pH of 4, ωave decreased from 0.63 to 0.2 (68.3%), whereas, for the solution with a pH of 11.0, 
ωave decreased from 0.74 to 0.38 (48.6%). When concentration increased to 50 mM, the membrane 
behaviors can be neglected (ωave < 0.05) for pH values of 4.0 and 7.0, but, when pH is 11.0, ωave can 
still be as high as 0.12. Thus, while the performances of the membranes improved as the pH of the 
increased, especiall in the improvements in alkaline condition. 
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Fig. 4.38 Chemico-osmotic efficiency coefficient as a function of time for Group 4 
 
The values of ωave in this study are compared to those reported in the literature for Nelson Farm 
Clay (NFC) and sodium bentonite subjected to the same KCl solutions presented by Kang & 
Shackelford (2010) and Malusis & Shackelford (2002b) in Fig. 4.39(a)-(e). The relative positions of 
the lines indicate that the membrane behaviors are following the order; bentonite > clay-bentonite 
mixture > natural clay (Nelson Farm Clay and FC) as shown in Fig. 4.39(a). Although the differences 
in membrane behaviors reported in Fig. 4.39 are likely due to multiple reasons, two factors are 
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e  FC + 5% bentonite (compaction degree, 80%)
 FC + 5% bentonite (compaction degree, 90%)
 FC + 5% bentonite (compaction degree, 100%)
 Fukakusa clay (compaction degree, 100%)
 Nelson Farm Clay (Kang and Shackelford, 2010)
 Nelson Farm Clay + 5% bentonite (Kang and Shackelford, 2010)
 Powered sodium bentonite (Malusis and Shackelford, 2002)
KCl concentration across specimen (mM)
(b) 
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Fig. 4.39 Chemico-osmotic efficiency coefficient, ωave, as function of concentration: (a) Bentonite 
content, (b) Compactness, (c) Specimen thickness, (d) Solution pH, (e) Different solutes 
 
The DDL is a special characteristic of clay, and is particularly evident in bentonite, which 
possesses extremely active surface charges (Van Impe, 2002). The migration of solute molecules is 
restricted due to the static electro-repulsion caused by the existence of the DDL around the clay 
particles (Fritz and Marine, 1983; Fritz, 1986; Keijzer et al., 1997). Therefore, the membrane 
behavior partially depends on the bentonite content, which determines the thickness and activities of 
the DDL (Shackelford, 2012). For example, in Fig. 4.39(a), when Ct0 is relative low (0.5 mM), the ω0 
values of the four specimens with bentonite contents ranging from 5% to 20% are similar. When Ct0 
is 1 mM, ω0 follows the order of FC plus 15% bentonite > FC plus 10% bentonite > FC plus 5% 
bentonite > FC plus 20% bentonite. However, when Ct0 is 5 mM, the membrane behavior of FC plus 
5% bentonite displays the highest, and the order is FC plus 5% bentonite > FC plus 20% bentonite > 
FC plus 15% bentonite > FC plus 10% bentonite. As the KCl concentration Ct0 is continuously 
increased to 10 mM and 50 mM, the membrane behavior decreases in proportion to the decrease of 
the bentonite content (FC plus 20% bentonite > FC plus 15% bentonite > FC plus 10% bentonite > 
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FC plus 5% bentonite). This work reveals that for the same solute concentration, ω increases as the 
bentonite content increases: FC < bentonite amended FC materials < bentonite.  
Although the values of the ω differ between specimens with varying bentonite content, the 
general trend is the same. For example, ω decreases as the solute concentration difference across the 
specimen increases as shown in Fig. 4.39(a)-(e), which is consistent with Kang & Shackelford (2009, 
2010, 2011). It is hypothesized that none of the specimens will exhibit a membrane behavior when 
the solute concentration difference exceeds 100 mM. The decreasing trends of ω as the solute 
concentration increased are consistent with the Gouy-Chapman theory (DDL theory). Based on the 
Gouy-Chapman theory, the thickness of the DDL decreases as the solute concentration increases 
(Mitchell, 1993; Malusis and Shackelford, 2002b).  
Figure 4.39(a) presents membrane test results of two kinds of clay-5% bentonite materials, one 
is FC plus 5% bentonite tested in this study, the other is Nelson Farm Clay (NFC) plus 5% bentonite 
from previous research (Kang and Shackelford, 2010). Although bentonite content is same (5%), 
their membrane behaviors are totally different. At lower concentration, the membrane behavior of 
NFC + 5% bentonite is higher than that of FC + 5% bentonite, and this can be attributed to the 
excellent barrier performance of NFC, which hydraulic conductivity (1.5 × 10−10 m/s) is much lower 
compare to FC (1.58 × 10−9 m/s). However, as concentration increases, the membrane behavior of 
NFC + 5% bentonite become lower than that of FC + 5% bentonite, and it can be regarded as the 
contribution of FC, which membrane behavior is higher as shown in Fig. 4.39(a). 
Yaroshchuk (1995) provided an explanation to the correlation between membrane behavior and 
the DDL. According to Yaroshchuk (1995), the properties of macroscopic liquid inside the porous 
medium are determined by the mechanisms caused by interaction between the solid skeleton and the 
liquid components at the microscopic scale, such as the effect of the DDL (Yaroshchuk, 1995; 
Dominijanni and Manassero, 2012a). And the state variables of electrolyte solution are discontinuous 
between the bulk and the pore solution, which phenomenon is called partition effect (Yaroshchuk, 
1995; Dominijanni and Manassero, 2012a). The partition effect suggests the inter-particle pore is 
independent system, and the migration of solute inside is dominated by micro-mechanism, including 
the effect from the DDL (Yaroshchuk, 1995; Dominijanni and Manassero, 2012a, 2012b). According 
to Mitchell (1993), the hydration of bentonite during swelling process involves four basic interaction 
mechanisms: (i) hydrogen bonding, (ii) dipole-charged surface attraction, (iii) van der Waals 
attraction, and (iv) hydration of exchangeable cations. For bentonite, hydration of exchangeable 
cations is most important, which occurs as the positively charged ions attract water dipoles, which 
form a hydration shell surrounding the cation (Di Emidio 2010). Because the cations are restrained 
by the layer charge field, their water of hydration shell is restrained as well. Secondary layers of 
water can H-bond with the primary layer of hydration water, forming multiple hydration shells. 
Beyond two or three layers, the water of these shells behaves as bulk water (Di Emidio 2010). 
However, such layers adsorbed by bentonite are particularly sensitive to changes in the composition 
of the pore fluid that influence the thickness significantly. The electrolyte with high concentration 
123 
causes the adsorbed layer to collapse, which results in the increase of interlayer space, finally leaded 
to the decrease of chemico-osmotic efficiency coefficient as concentration increase (Mesri and Olson 
1971).  
Bentonite is a kind of mineral which consist of tetrahedral and octahedral layers stacked in a 1:1 
or 2:1 arrangement, and has many hydration sites since the crystal lattice (Katsumi et al., 2007; Yong 
et al., 2010; Dominijanni and Manassero, 2012a). According to Katsumi et al. (2007), during the 
hydration process, some of the water molecules are fixed and occupied the interlayer space and cause 
the swelling of bentonite particle, thus the pore space for solute transport was also decreased. 
However, when the solution concentration increases, more hydration sites are occupied by cations, 
which resulted in a stronger attraction force. Thus inter-particle pore for diffusion increased in 
response, which resulted in the decrease of membrane behavior. According to Sposito (1984), the 
hydration shell surrounding the cations in a DDL consists of about six water molecules for dilute 
solutions, but is reduced to about three water molecules for concentrated solutions. Consequently, 
bentonite cannot swell sufficiently, and the increase in inter-particle pores allows more solute to pass, 
thereby reducing the membrane behavior (Katsumi et al., 2008b).  
To have a further research about the mechanism, standard swelling test were conducted by using 
sodium bentonite under different solutions with different conditions following ASTM D 5890-06, 
and the results were presented in Fig. 4.40(a)(b)(c). Consistent with the above findings as shown Fig. 
4.40(a), it indicates that the free swelling volume of bentonite decreases as the KCl concentration 
increases (Jo et al., 2001; Gleason et al., 1997). According to Katsumi (2010), clayey soils such as 
bentonite provide smaller volumes for individual voids, so that the water cannot permeate as freely 
as it can in sandy oil due to the viscosity. In addition, DDL was also thought to contribute to the low 
hydraulic conductivity, since the existence of DDL can result in the liquid molecules are strongly 
attracted by the clay, which causes the reduction of space for liquid to permeate. Thus, as more DDL 
develops, lower levels of hydraulic conductivity are obtained. For the case of bentonite, Katsumi 
(2010) thought the adsorbed water layer by DDL and the swelling results in the extremely low 
hydraulic conductivity. 
Figure 4.40(b) shows the free swelling of bentonite at different pH values and different 
concentrations. Consistent with Katsumi et al. (2008b), it was found that the free swelling volume 
decreased as the concentration of KCl increases. And under the same concentration condition, the 
free-swell volume increased as pH increased. For example, for concentrations of 10 mM and 100 
mM, the free-swell volumes at pH = 12.0 were 28% and 25% greater than those at pH = 3.0, 
respectively. Jo et al. (2001) gave the plausible explanation that the decrease in swell volume in acid 
solution was due to dissolution of clay particles. As pH decreases, Al in the octahedral layers of the 
bentonite can dissolve by hydrolysis, resulting in the exchange of Al3+ for K+ and a decrease in the 
volume of bound water (Norrish and Quirk, 1954; Mathers et al., 1956; Grim, 1968). The destruction 
of the structure of bentonite also results in the decrease of the volume of bound water (Forster, 1953; 
Egloffstein, 1995). 
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Figure 4.40(c) shows the results of swelling test of bentonite and FC towards Ca, Na, Zn and Pb. 
According to the results, the Fukakusa clay almost no expands no matter the concentration of 
surrounding solution. For the case of bentonite, it was clear that the swelling volume under Na 
solution was higher than others, especially at elevated concentration. Such phenomenon was 
summarized as the influence of valence by Shackelford et al. (2000), and the similar trend that 
swelling volume decreased as valence of cation increased was also observed by Jo et al. (2001). For 
sodium bentonite, replacement of sodium in the exchange complex with other ions affects the 
thickness of the adsorbed layer, thus swelling volume of bentonite (James et al. 1997; Katsumi et al. 
2008b). The higher valence cation showed the larger affect on the swelling capacity, which is 
consistent with the Gouy-Chapman and Stern-Gouy theories (Shackelford et al. 2000). Thus, the 
inter-particle pore increased as valence increased, which caused the decrease of membrane behavior 
that Na and K > Ca, Zn and Pb as shown in Fig. 4.39(e). 
Among the divalent cations, membrane behavior towards Ca was higher than heavy metals Zn(II) 
and Pb(II) as Fig. 4.39(e), and in Fig. 4.40(c), the swelling volume of Ca was lower compared to 
heavy metals Zn(II) and Pb(II). Ruhl and Daniel (1997) studied the response of geosynthetic clay 
liners to permeation with various chemicals. The results showed that Ca was more aggressive than 
others, which was also proved by the boundary concentration in Fig. 4.33. Ca ion from dilute 
solutions can gradually exchange Na on the exchange complex, resulting in gradual compression of 
the adsorbed layer and consequent gradual decrease of membrane behavior (Ruhl and Daniel 1997; 
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Fig. 4.40 Swelling test results of sodium bentonite: (a) Sodium bentonite towards KCl, (b) Sodium 
bentonite towards KCl with different pH, (c) Sodium bentonite towards Ca, Na, Zn and Pb solution 
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Di Emidio (2010) thought when two charged surfaces approach on another, their DDL are likely 
to overlap if the energetic of two surfaces favors attraction. Overlapping DDL are the normal 
conditions governing the behavior of clay-water systems, especially in the presence of bentonite. The 
region of overlapping DDL was always characterized by a relatively high concentration of cations 
because they are effectively restrained from diffusing to other regions (Di Emidio, 2010). In addition, 
continuous solute diffusion in Fig. 4.10 is also likely to be responsible for the time-dependent 
decrease in ∆P, as shown in Fig. 4.19. At the beginning of every stage for almost all the specimens, 
the concentration of KCl increases, resulting in a rapid increase in ∆P followed by a gradual 
reduction before reaching equilibrium. Such degrading effect of salts diffusion on chemico-osmotic 
pressure was also observed by Shackelford and Lee (2003). For example, when 10 mM KCl is 
introduced into the FC plus 20% bentonite system, the osmotic pressure reaches a peak 
chemico-osmotic pressure, ∆Ppeak, of 16.8 kPa after about 1 day, but subsequently decreases to the 
steady value ∆Pe of 11.2 kPa. This phenomenon becomes more significant as the solute 
concentration increases, which should greatly reduce the ω and compress or shrink the double layers 
(Malusis and Shackelford, 2002b). Fig. 4.41 shows the ratio of ∆Ppeak to the equilibrium ∆Pe (∆Ppeak / 
∆Pe) as a function of KCl concentration for specimens with different bentonite content. As the solute 
concentration increases, the DDL becomes more compressed which will spent more time. It can also 
help to explain the time required for membrane behavior to equilibrate increase as the concentration 
difference increase as shown in Fig. 4.19. For the same solute concentration, the reduction in ω is 
largest for the specimen with the highest bentonite content. These observations confirm that in 
addition to being affected by the solute concentration, the DDL property is determined by the 


















KCl Concentration Across Specimen (mM) 
 Fukakusa clay
 Fukakusa clay + 5% bentonite
 Fukakusa clay + 10% bentonite
 Fukakusa clay + 15% bentonite
 Fukakusa clay + 20% bentonite
0.3
 
Fig. 4.41 Ratio of the peak chemico-osmotic pressure, ∆Ppeak, to the chemico-osmotic pressure at the 
steady status, ∆Pe , as a function of KCl concentration 
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Another factor affecting the membrane behavior is the inter-particle pores. The membrane 
behaviors ωave, the sodium bentonite > clay-bentonite mixture > natural clay, and this order can be 
ascribed to the bentonite content (Benson and Trast, 1995). According to Benson and Trast (1995), 
the presence of more active clay minerals such as bentonite here generally corresponds to a decrease 
in the size of microscale pores, which control the solute transport inside soil. Consequently, it 
resulted in the decrease of membrane behavior ωave as bentonite decrease. Fig. 4.42 show Scanning 
Electron Microscope (SEM) (JSM-5510LV, JEOL, Japan) images of FC, FC plus 5%, 10%, 15%, and 
20% bentonite, respectively following Vacuum-dry method. The FC‘s surface is full of tiny soil 
minerals and micropores, and the soil clusters lack effective cohesions as shown in Fig. 4.42(a). 
Bentonite plays a significant role in the adhesion of clay particles and remediates leaking. From a 
microstructure viewpoint, introducing bentonite causes FC to become denser, and the size of soil 
clusters almost two or three times bigger than that of FC, besides no micro pore was observed at the 
soil surface as shown in Fig 4.42(b)-(e). Hence, the lack of interparticle pores is another reason that 
the membrane behavior rapidly increases upon the addition of bentonite from 0 to 5%. 
However, as the bentonite content increases from 5% to 20%, the change in the microstructure is 
rather limited, as shown in Fig 4.42(b)-(e). According to the values of ω under the same 
concentration conditions (Fig. 4.39a), ω follows the order of the bentonite content; FC plus 20% 
bentonite > FC plus 15% bentonite > FC plus 10% bentonite > FC plus 5% bentonite > FC. Thus, 
this phenomenon may be due to the effect of bentonite on the DDL because as the bentonite content 
increases, the clay–bentonite material becomes thicker and has a denser DDL, improving the 











Fig. 4.42 SEM pictures of the five specimens. (a) FC; (b) FC plus 5% bentonite; (c) FC plus 10% 
Benton ite; (d) FC plus 15% bentonite; (e) FC plus 20% bentonite 
 
Figure 4.43 (a)-(c) show scanning electron microscope images of the specimens after membrane 
tests at pH values of 4.0, 7.0, and 11.0, respectively. From the images, it is evident that the soil 
clusters became larger as pH increased. The average size of the soil clusters in alkaline condition was 
around 30 μm (Fig. 4.43c), about two to three times larger than the average size (5 to 10 μm) in 
acidic conditions (Fig. 4.43a). Some pores also were observed as the pH of the solution decreased to 
4.0, while, in alkaline condition, the free iron ions and aluminum ions have the trend of combining 
with OH- to form floccules, which are adsorptive and can block the permeable path (Crerar et al., 
1981; Grathoff et al., 2007; Aspé et al., 2012). Hence, it can be inferred that the specimens became 
denser in the presence of alkaline solution, and the above considerations as well as the free swell 










Fig. 4.43 SEM images of the three specimens at three different pH values: (a) pH = 4.0, (b) pH = 7.0, 
(c) pH = 11.0 
 
According to Kooistra (1994), the pore with mean diameter > 100 μm can be distinguished 
macropores while the smaller pores which were considered as micropores. She showed that the 
micropores cannot be effectively compressed by compaction than the macroporosity. Richard et al. 
(2001) also pointed out that compaction can mainly reduces the volume of large pores for most soils 
and results the decrease of porosity, consequently affects the solution transport. Thus, it is rational to 
demonstrate the decrease of membrane behavior ωave, as the decrease of compactness from 100% to 
80% as shown in Fig. 4.39(b). 
Monnier et al. (1973) proposed another approach for porosity analysis that takes pore origin into 
account instead of just pore size. They considered pores within the soil to be of two types: (1) 
structural pores which result from tillage, traffic, weather and biological activity, and thus are 
affected by compaction, and (2) textural pores which result from the arrangement of the elementary 
soil particles. Textural pores are unaffected by compaction, which was also proved by Grimaldi 
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(1981). Since the existence of large amount of textural pores inside the specimens in this study which 
cannot be effectively compressed through compaction, it helps to explain the membrane behavior 
ωave cannot reach 1 in most cases, and not perfect compared to ―ideal‖ semipermeable membrane. 
The images of all three samples under different compactness were shown in Fig. 4.44 to have a 
further study about the change in the soil cluster packing. It is obvious that under 100% compactness, 
the soil clusters have very close cohesion with the assistance of bentonite, and no visible pores can 
be observed at the surface. And when the compactness decreased to 90%, some minor pore appeared 
with size around 2-3 μm. For the specimen with compaction degree 80%, some bigger pores 
appeared with diameter around 10-15μm. Such observation also helped to prove that the membrane 













Figure 4.45(a)-(e) shows Scanning Electron Microscope images of specimens after membrane 
test towards different solutions. From the image, it‘s apparent that the size of soil clusters 
significantly differed, e.g. the average size of soil clusters under monovalent ions Na and K condition 
was almost 30 μm; And for the case of divalent ions Ca, Zn(II) and Pb(II) condition, the average size 
of soil clusters was less than 10 μm, e.g. the average size of soil clusters under Zn(II) condition was 
only 5-10 μm, and 10 μm for Pb(II). It indicated that divalent ions can cause greater shrink to the soil 
clusters, especially for heavy metals and some observable pores can be observed at the surface of the 
specimens under Ca, Zn(II) and Pb(II), which was the permeable path during the diffusion, which 
caused the decrease of membrane behavior. Therefore, it can be explained the relative position of 













Fig. 4.45 SEM images of the specimens after membrane test: (a) Na, (b) Ca, (c) K, (d) Zn, (e) Pb 
 
Based on the flushing data and the results of the standard test for the pH of soil, as shown in 
Table 4.1 and Fig. 4.9, Fukakusa clay exhibits an acidic nature. The pH of Fukakusa clay is around 
3.0 – 3.2, which is significantly more acidic than normal clays, which generally have pH values 
greater than 7.0. We attempted to assess the abnormal characteristics of the Fukakusa clay using XRF 
(EDX-720, Shimadzu, Japan) and X-ray diffraction patterns (RAD-2B, Rigaku Corporation, Japan), 
and the results are shown in Table 4.2 and Fig. 4.46. Fig. 4.46 shows the X-ray diffraction patterns of 
the three samples after the membrane tests were conducted at three different pH conditions (4.0, 7.0, 
and 11.0). It was obvious that Fukakusa clay-bentonite composite materials contained abundant clay 
minerals, including montmorillonite (2θ = 6.42o, 8.94o, 19.92o, and 35.08o), mica (2θ = 12.48 o), 
quartz (2θ = 20.98o, 26.78o, 36.68o, 39.6o, 40.38o, 42.6o, and 45.94o), and feldspar (2θ = 22.12o and 
28.04o). All of these clay minerals are aluminosilicate compounds (xAl2O3ySiO2 and 
Fe2O3xAl2O3ySiO2), which contain high contents of Al and Fe, while also identified by the XRF 
results listed in Table 4.2. During flushing and the membrane tests, the aluminosilicate compounds 
likely released Fe and Al in the form of free ions, as shown in Eq. (4.10) and (4.11): 
 
Fe2O3xAl2O3ySiO2  2Fe
3+ + 2xAl3+                      (4.10) 
xAl2O3ySiO2  2xAl
3+
                            (4.11) 
 
The free Fe and Al ions tend to bind with aqueous OH- to form Al(OH)3 and Fe(OH)3 floccules 
(Crerar et al., 1981; Grathoff et al., 2007; Aspé et al., 2012), and the reactions can be written as: 
 
Fe3+ + 3H2O  Fe(OH)3 + 3H
+
                        (4.12) 
Al3+ + 3H2O  Al(OH)3 + 3H
+
                        (4.13) 
 
The H+ ions that are created in these reactions decrease the pH of the solution. Therefore, based 
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on Equations (4.10), (4.11), (4.12) and (4.13), we can describe the acidic nature of Fukakusa clay. 
However, it should be noted that Eqs (4.12) and (4.13) represent reversible reactions. Thus, flushing 
with distilled water can only dilute the H+ concentration, not remove these ions completely. Thus, it 
is understandable that the pH of the outflow was always less than 7.0, even though, as shown in Fig. 
4.9, the pH closely approached a value of 7.0 after almost 80 days of flushing before the membrane 
tests.  
 



























































Fig. 4.46 X-ray diffraction patterns of the samples at different solution pH 
 
Based on the XRD patterns, the characteristic peaks of calcite (CaCO3) (2θ = 30.0
o) and CaO 
(2θ = 23.68o) appeared in the alkaline condition. This information, combined with the XRF results in 
Table 4.2, proves the presence of these two substances. However, the two characteristic peaks of 
calcite and CaO disappeared in the acid condition, so the following two chemical reaction can be 
conjectured:  
 
CaO + 2H+  Ca2+ + H2O                          (4.14) 
CaCO3 + 2H
+  Ca2+ + H2O + CO2                    (4.15) 
 
Figure 4.12(a) shows that these two equations can contribute to the buffer capacity of the 
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specimens to resist changes in pH in the acid solution. But the buffer capacity was very limited, 
which may have been due to the small amounts of calcite and CaO, which was demonstrated by the 
weak characteristic peaks in the XRD pattern. In addition, the characteristic peaks of Fe2O3 (2θ = 
27.62o and 30.5o) were observed in the samples, as shown in the pictures of the tops of the specimens 
in Fig. 4.47. But, at the alkaline condition, the characteristic peaks of Fe2O3 no longer existed, so we 
can infer the following possible reactions:  
 
Fe3+ + 3H2O  Fe(OH)3 + 3H
+
                        (4.16) 
H+ + OH-  H2O                              (4.17) 
 
 
Fig. 4.47 Fe2O3 at the top side of specimens under alkaline condition after the membrane tests 
 
Equation (4.16) is a reversible reaction, and, under alkaline conditions, the mass consumption of 
H+ ions, as shown in Equation (4.17), caused Equation (4.16) to shift its equilibrium condition to the 
right, resulting in a significant increase in the production of Fe(OH)3. Then, during the process of 
drying the samples, the following reaction occurred:   
 
2Fe(OH)3  3H2O + Fe2O3                            (4.18) 
 
As a result of Equations (4.16), (4.17), and (4.18), this composite material possesses excellent 
buffer capacity to resist pH changes in an alkaline solution as shown in Fig. 4.12(b). 
As shown in Fig. 4.39(e), for heavy metal ions Zn(II) and Pb(II), their average chemico-osmotic 
efficiency coefficient ωave were much lower compared to other ions. In contrast, during the 
membrane test, almost no diffusion of heavy metals occurred, which can be attributed to adsorption. 
For further studying the mechanism, X-ray diffraction was used to help analyze the specimen after 
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the membrane test as shown in Fig. 4.48. The characteristic peak 2θ = 6.42o represents the presence 
of Montmorillonite, and the weak intensity indicated the limit amount (5% by dry weight). Mica (2θ 
= 12.48 o), Illite (2θ = 8.96o, 17.92o, 19.68o, 23.72o), Quartz (2θ = 20.98o, 26.78o, 36.68o, 39.6o, 
40.38o, 42.6o and 45.94o) and Feldspars (2θ = 28.04o) were also found. 





























I: IlliteA: AlbiteM: Montmorillonite Mi: Mica Q: QuartzF: Feldspars
 
Fig. 4.48 X-ray diffraction patterns of the samples for heavy metals after membrane test 
 
Based on XRD pattern, for specimen under Pb(II) condition, two characteristic peaks appeared 
at 2θ = 32.36o and 38.10o, which can be identified as PbSiO3. Tang et al. (2010) thought quartz was 
likely to hydrolyze to form SiO3
2- ion, thus it can help to explain the origin of PbSiO3 as follows, 
 
SiO2 + H2O  SiO3
2- + 2H+                        (4.19) 
SiO3
2- + Pb2+  PbSiO3 (s)                       (4.20) 
 
Since the generated PbSiO3 in Eq. (4.20) was stable compound, it was rational to predict that 
this reaction ended until all Pb(II) be adsorbed or soil reached the maximum adsorption capacity, 
which was also proved by the top boundary concentration as shown in Fig. 4.17(d). Compared to that 
under K condition, the intensity of the characteristic peak represents albite at 2θ = 22.10o under Zn(II) 
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and Pb(II) condition were a little weak. Considering the pH condition around 5.0, the albite might to 
be expected to hydrolyze and to form quartz (SiO2), and this can be also proved by the intensity of 
Quartz, which did not become weak after Eq. (4.19) and (4.20). 
Since the pH condition at the top circulation during the membrane test, Pb(II) may be in the 
form of Pb(OH)+ and the existence of lead hydroxide indicates the following precipitation reaction 
(Tang et al., 2009), 
 
Pb2+ + H2O  Pb(OH)
+ + H+                    (4.21) 
Pb(OH)+ + H2O  Pb(OH)2 (s) + H
+                 (4.22) 
 
Above Eq. (4.21) can be proved by Table 2, that the Pb(II) solution exhibited a acid nature. And 
Eq. (4.22) can help to explain the reason that pH value always decreased at the end of every stage in 
Fig. 4.18(d). Tang et al. (2012) refer the other possible reaction to help to explain the adsorption of 
Zn(II), 
 
SiO2 + 2H2O  SiO4
4- + 4H+                       (4.23) 
SiO4
4- + 2Zn2+  Zn2SiO4 (s)                      (4.24) 
 




In this chapter, a series of lab-scale experiments were conducted on locally available FC and 
bentonite amended FC composite materials. According to the results, the hydraulic conductivity of 
FC is 1.58 × 10−9 m/s, indicating that FC is not suitable for use as a compacted clay liner unless 
amended with bentonite. For bentonite amended clay, hydraulic conductivities are 1.07 × 10−9 m/s 
for FC plus 5% bentonite, 6.04 × 10−10 m/s for FC plus 10% bentonite, 2.74 × 10−10 m/s for FC plus 
15% bentonite, and 8.23 × 10−11 m/s for FC plus 20% bentonite, which indicated that adding 
bentonite make natural FC suitable for use as a liner. According to the results of the specimens with 
different compactness, as compaction degree increased from 80% to 90% and 100%, the hydraulic 
conductivity decreased from 2.01 × 10−9 m/s to 1.49 × 10−9 m/s and 1.07 × 10−9 m/s. 
Bentonite is an effective additive, and may greatly improve the membrane behavior of natural 
FC. When the bentonite concentration is low (Ct0 = 0.5 mM), the values of ω for the bentonite 
amended clays are close to 1, suggesting an ideal membrane property. As Ct0 increases to 5 mM, the 
membrane behaviors of the bentonite amended FCs are several times higher compared to FC; even at 
extremely high concentrations of 10 and 50 mM, bentonite amended FC still exhibits a membrane 
behavior of ω0 > 0.20 and ω0 > 0.04, respectively. Among the bentonite amended FCs, the membrane 
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behavior property typically follows the order of the bentonite content: FC plus 20% bentonite > FC 
plus 15% bentonite > FC plus 10% bentonite > FC plus 5% bentonite. The time required for the 
membrane behavior to equilibrate depends on the concentration: less than one day for a low 
concentration (0.5 mM), two or three days for medium concentrations (1 and 5 mM), and four or five 
days for high concentrations (10 and 50 mM).  
pH is proved have a significant effect on the performance of the membranes, especially in 
alkaline conditions. When the pH of the solution was 11.0, the membrane coefficient, ω, was 1.2 - 
1.3 times greater than the coefficient when the pH was 7.0 at lower concentration, and it was almost 
2.5 times greater at the higher concentration. When the pH was 4.0, the membrane coefficient, ω, 
was 90% of the coefficient when the pH was 7.0 at lower concentration. The coefficient remained the 
same as the concentration increased. The similarity of the membranes‘ behaviors between pH values 
of 4.0 and 7.0 suggested the existence of a very slight erosion effect of the acid solution. 
Compactness has proved have significant effect on membrane behavior. The membrane behavior 
of specimen with compactness of 100% was almost 30% higher than that with compactness of 80% 
under concentration difference of 5, 10 and 50 mM. 
Solute type also proved great effect on membrane behaviors. And the average chemico-osmotic 
membrane coefficient ωave follows the order that K, Na > Ca > Pb, Zn. Ca ion is a active ion and 
hard to fix during the diffusion process. Although the low membrane behavior of heavy metal ions, 
almost no diffusion occurred during the membrane test, which can be attributed to the adsorption. 
Additionally, at the beginning of every stage, introducing a higher concentration KCl solution 
causes a rapid increase in the chemico-osmotic pressure, which peaks at ∆Ppeak, and then reaches an 
equilibrium pressure of ∆Pe, especially for specimens with different bentonite content. The 
difference between ∆Ppeak - ∆Pe increases as the solute concentration or bentonite content increases 
because the double layer is more compressed. The values of ω0 based on the initial concentration and 
a perfect flushing boundary, are corrected to ωave. The values of ωave are slightly higher after 
accounting for the changes in the boundary concentrations due to solute diffusion, and in most cases, 
ωave – ω0 < 0.06. 
As the bentonite content increases from 0 to 5%, the membrane behavior rapidly increases, 
which is likely due to the decreased pore size and increased thickness of the DDL. Although 
increasing the bentonite content from 5% to 20% does not significantly change the pore size within 
the specimens, the membrane behavior slightly improves, suggesting that the DDL contributes more 
to the improvement of the membrane property. As the solution concentration increases, more 
exchange sites at the DDL are occupied by cations instead of water molecules, which strengthens the 
attractive forces while shrinking the DDL. Hence, the increased interparticle voids allow more solute 
molecules to pass, greatly reducing the membrane behavior.   
Since there were large amounts of minerals in the clay, such as montmorillonite, mica, quartz, 
and feldspar, the Fukakusa clay-bentonite composite material releases free Al3+ and Fe3+ ions that 
can react in solution to form H+, making the samples exhibit a more acidic nature. 
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The mechanisms that produced changes in membrane performance also were assessed and 
discussed using XRD patterns, free swelling volume, XRF results, SEM images, and camera images. 
At a pH value of 11.0, the samples exhibited better swelling performance, thus the soil clusters 
became larger than they were in the neutral condition, and the Fe3+ ions that released were likely to 
bind with OH- to form floccules, which results in more narrow inter-particle space and blocks the 
permeable paths. Since there is a large amount of Fe in the Fukakusa clay-bentonite material, it also 
possessed strong buffer capacity in the alkaline solution. In contrast, at a pH value of 4.0, the soil 
clusters became smaller than they were in the neutral condition, and some clay minerals, such as 
CaO and calcite, were dissolved, which resulted in larger inter-particle spaces and permeable paths. 




CHAPTER 5: SOLUTE TRANSPORT ANALYSIS AND 
PRACTICAL IMPLICATIONS 
5.1 Solute transport analysis for diffusion considering membrane behavior 
5.1.1 The model proposal 
In geoenvironmental engineering field, the contaminant transport and fate was governed by three 
transport processes, including advection, diffusion and dispersion. For advection, it is also known as 
advective transport or convection, refers to the contaminant movement by flowing water in response 
to a hydraulic gradient (Sharma and Reddy, 2004). For example, when pore water containing 
chemicals flows under the action of a hydraulic gradient, there is a concurrent flow of chemical 
through the soil. This type of chemical transport is termed advection (Mitchell and Soga, 2005). The 
advection process is usually determined by several parameters, such as hydraulic gradient, hydraulic 
conductivity, porosity and effective porosity. From the macroscale level, the contaminant transport is 
defined by average water velocity in advection, however, when consider the dispersion process at the 
microscale level, the actual velocity of water may vary from point to point either lower or higher 
than the average velocity. The influence factors of dispersion include pore size, path length and 
friction in pores (Sharma and Reddy, 2004). 
Differed from the above two process, diffusion refers to the movement of contaminants under a 
chemical concentration gradient (i.e., from an area of greater concentration toward an area of lower 
concentration). Diffusion can occur even when the fluid in not flowing or is lowing the direction 
opposite to contaminant movement and diffusion will cease only if there is no concentration gradient 
(Sharma and Reddy, 2004). In addition, owing to the existence of surface charges on soil particles, 
especially clays, there are nonuniform distributions of cations and anions within soil pores resulting 
from the attraction of cations to and repulsion of anions from the negatively charged particle surfaces. 
Because of the small pore sizes in fine-grained soils and the strong local electrical fields, clay layers 
exhibit membrane properties or membrane behavior. This means that the passage of certain ions and 
molecules through the clay may be restricted in part or in full at both microscopic and macroscopic 
levels (Mitchell and Soga, 2005). 
The importance of the membrane behavior on the contaminant migration through mineral 
barriers is well known (Kemper & Rollins, 1966; Olsen, 1969; Greenberg et al., 1973; Fritz & 
Marine, 1983; Olsen et al., 1990; Mitchell, 1991, 1993; Shackelford, 1997; Malusis & Shackelford, 
2002a, b). However, the experimental results obtained in above research have not always been 
thoroughly understood, particularly in terms of their theoretical implications. This can be a serious 
obstacle for their use in practical applications and/or for their extrapolation to any scales, conditions 
or boundaries that are different from those used in the laboratory investigations (Manassero and 
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Dominijanni, 2003). 
To make the parameter about the membrane behavior better understood and for their use in 
practical applications, in this chapter, the theoretical numerical analysis of the osmotic effect or 
membrane behavior on solute transport was done consider the solute concentration and other 
experimental conditions. 
The model used in this chapter was proposed by Manassero and Dominijanni, (2003), which 
tries to describe the mechanisms that govern osmotic phenomena in fine grained porous media, is 
based on non-equilibrium thermodynamics (Katchalsky & Curran, 1965), and take into account of all 
advection, diffusion and dispersion process. The membrane behavior on solute transport was also 
reflected by parameter chemico-osmotic efficiency coefficient ω, and the expressions of the molar 
flow of the solvent and solute can be written as following Eq. (5.1) and (5.2) (Manassero and 
Dominijanni, 2003): 
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Where Jv is the molar flow of the solvent and Js is the solute flow rate; k is the hydraulic conductivity 
of the porous medium, Vw is the partial molar volume of the solvent (the volume occupied by a mole 
of the solvent in the solution), γ is the unit weight of the solution (equal to the unit weight of the 
solvent for practical purposes), P represents the hydraulic pressure, ω is chemico-osmotic efficiency 
coefficient which reflect the membrane behavior, R is the universal gas constant, T is the absolute 
temperature, cs is the molar concentration of the solute; n is the effective or connected porosity of the 
soil skeleton, which represented by the interconnected voids related to the motion of pore fluids. D0 
is the diffusivity in free solution and  is a tortuosity factor given by the squared ratio of the 
straight-line macro-scopic distance between two points along a solute molecule migration path, to the 
actual length of the same solute molecule migration path (Porter et al., 1960). 
The mathematical model is considered to be an open system consisting of a solute and solvent 
flowing in the pores of a soil, and some assumptions are as follows (Manassero and Dominijanni, 
2003) 
(a) One-dimensional flow 
(b) Solid skeleton and solvent incompressibility 
(c) Isothermal conditions 
(d) No electrical or electromagnetic gradients 
(e) Electrically uncharged species or no chemical dissociation of the solute and bulk 
electro-neutrality 
(f) Sufficiently diluted solution so that ideal solution relationships are valid, and the volume flow 
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rate of the solution is roughly equal to the volume flow rate of the solvent 
(g) Complete saturation 
(h) Applicability of the postulates of irreversible thermodynamics. 
 
Considered the assumed rigid skeleton for the porous medium, incompressible solvent and the 
continuity of solvent flux, as well as the mass balance for the solute (Freeze and Cherry, 1979), the 
general differential equations that describe the evolution in space and time of the solute 
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Consider that there is no hydraulic gradient applied during the membrane test, the above 
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As shown in above Eq. (5.5), D* also accounts for tortuosity in the soils and can be related to 
diffusivity in free solution D0 as follows (Sharma and Reddy, 2004; Mitchell and Soga, 2005),  
 
*
0D D                                 (5.6) 
 
D* can be determined by laboratory tests using the steady-state method, time-lag method and 
transient method as described by Rowe et al., (1988), Shackelford and Daniel, (1991) and Sharma 
and Lewis, (1994). 
 
5.1.2 Initial input parameters 
To have a further numerical analysis by using Eq. (5.5), the adopted boundary conditions and the 
main parameters of the mineral barrier are assumed and reported in Table 5.1 as follows. 
As shown in above Table 5.1 and Table 5.2, the parameters solvent unit weight, hydraulic 
gradient, absolute temperature and chemico-osmotic efficiency coefficient are data measured in this 
study, while the values of effective diffusion coefficient and retardation factor are data recommended 
by Manassero and Dominijanni, (2003). 
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Solvent (water) unit weight γ kN/m3 10 
Hydraulic gradient ih 
 
0 
Effective diffusion coefficient D* m2/s 2.00 × 10-10 
Retardation factor Rd 
 
1 
Barrier thickness L m 1 
Absolute temperature T K 293 




   
Entrance boundary condition cs (x = 0, t) = c0 M 
0.0005, 0.001, 0.005, 0.01 
and 0.05 







 M/m 0 
Initial condition cs (x,t = 0) M 0 
 
Table 5.2 Input ω values for results analysis 
ω 0.5 mM 1 mM 5 mM 10 mM 50 mM 
Fukakusa Clay 0.85 0.35 0.12 0.07 0.02 
FC+5% bentonite 0.99* 0.63 0.42 0.23 0.05 
FC+10% bentonite 0.99* 0.66 0.39 0.24 0.05 
FC+15% bentonite 0.99* 0.8 0.41 0.25 0.06 
FC+20% bentonite 0.99* 0.59 0.43 0.26 0.07 
* Since the original values are higher than 1, assumed ω at 0.99 for results analysis 
 
5.1.3 Results 
Based on Eq. (5.5), the breakthrough curves of specimens under different experimental 
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(e) 
Fig. 5.1 Breakthrough curves for FC bentonite material: (a) 0.5 mM, (b) 1 mM, (c) 5 mM, (d) 10 mM, 
(e) 50 mM 
 
5.2 Solute transport analysis for advection neglecting membrane behavior 
5.2.1 The model proposal 
The model used in this chapter was same as previous section 5.1, proposed by Manassero and 
Dominijanni, (2003), which take into account of all advection, diffusion and dispersion process as 
well as the membrane behavior. The expressions of the molar flow of the solvent and solute can be 
written as following Eq. (5.1) and (5.2) (Manassero and Dominijanni, 2003): 
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Where Jv is the molar flow of the solvent and Js is the solute flow rate; k is the hydraulic conductivity 
of the porous medium, Vw is the partial molar volume of the solvent (the volume occupied by a mole 
of the solvent in the solution), γ is the unit weight of the solution (equal to the unit weight of the 
solvent for practical purposes), P represents the hydraulic pressure, ω is chemico-osmotic efficiency 
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coefficient which reflect the membrane behavior, R is the universal gas constant, T is the absolute 
temperature, cs is the molar concentration of the solute; n is the effective or connected porosity of the 
soil skeleton, which represented by the interconnected voids related to the motion of pore fluids. D0 
is the diffusivity in free solution and  is a tortuosity factor given by the squared ratio of the 
straight-line macro-scopic distance between two points along a solute molecule migration path, to the 
actual length of the same solute molecule migration path (Porter et al., 1960). 
Considered the assumed rigid skeleton for the porous medium, incompressible solvent and the 
continuity of solvent flux, as well as the mass balance for the solute (Freeze and Cherry, 1979), the 
general differential equations that describe the evolution in space and time of the solute 
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Assuming that there is no membrane behavior exist during the membrane test (ω = 0), the above 
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As shown in above Eq. (5.7), D* also accounts for tortuosity in the soils and can be related to 
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5.2.2 Initial input parameters 
To have a further numerical analysis by using Eq. (5.7), the adopted boundary conditions and the 
main parameters of the mineral barrier are assumed and reported in Table 5.3 as follows. 
As shown in above Table 5.3 and Table 5.4, the parameters solvent unit weight, hydraulic 
gradient, absolute temperature and hydraulic conductivity are data measured in this study, while the 
porosity, values of effective diffusion coefficient and retardation factor are data recommended by 
Manassero and Dominijanni, (2003). The thickness of barrier was assumed as 1 m, consider the 
actual thickness of CCL applied in practice. 
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Solvent (water) unit weight γ kN/m3 10 
Hydraulic gradient ih 
 
1, 2, 5 and 10 
Effective diffusion coefficient D* m2/s 2.00 × 10-10 
Retardation factor Rd 
 
1 
Barrier thickness L m 1 
Absolute temperature T K 293 
Hydraulic conductivity  k m/s Table 5.4 




   
Entrance boundary condition cs (x = 0, t) = c0 M 0.005 







 M/m 0 
Initial condition cs (x,t = 0) M 0 
 
Table 5.4 Input hydraulic conductivities for results analysis 
 
Hydraulic conductivity (m/s) 
Fukakusa Clay 1.58 × 10−9 
FC+5% bentonite 1.07 × 10−9 
FC+10% bentonite 6.04 × 10−10 
FC+15% bentonite 2.74 × 10−10 
FC+20% bentonite 8.23 × 10−11 
 
5.2.3 Results 
Based on Eq. (5.7), the breakthrough curves of specimens under different experimental 
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5.3 Results discussions and prediction towards the service life of bottom liner 
As the increase of life style and the development of industry and economy, more and more 
household waste and solid waste are produced in the past 30 years, especially in developing countries, 
such as China, Vietnam, Bangladesh, India etc. Limited by the economical status and the technology 
level, landfill is the predominant choice, and thus a large number of modern sanitary landfill sites are 
still urgently neededfor minimizing the negative environmental impact and the threaten to humans‘ 
health.  
For the material of bottom liners system, GCL, geomembrane and other geotexile composite 
material has already proved most effective in cut off the migration of contaminant around the world. 
However, consider the expense and technology limit, pure CCL is still applied commonly especially 
in rural areas in those developing countries. Unlike geomembrane or some geotexile material which 
can serve for hundreds to thousands of years, the service life of CCL is always less than 100 years 
(Rowe and Hoor, 2009; Rowe and Islam, 2009). Compared to other materials, the barrier 
performance of CCL is more sensitive to external and environmental conditions, such as the solute 
concentration, solute type, the compactness, hydraulic gradient of leachate etc.  
According to the laboratory-scale experiment conducted in Chapter 4 in this study, we can have 
a deeper understand the barrier performance of the CCL. According to the results, bentonite has 
proved an effective additive to improve the barrier performance through both hydraulic conductivity 
and membrane behavior to prevent the migration of contaminant. For membrane behavior of bottom 
liner, the bentonite content, leachate concentration, leachate pH, the compactness, thickness and 
composition of leachate were found to have significant effect on barrier performance. In addition, the 
mechanism of membrane behavior was discussed from macro and micro scale with assistance of 
XRF, XRD, SEM and method. 
The achievement in this study is promising in application during the landfill site design process, 
especially designing the bottom liners system. As above Section 5.1 and 5.2 exhibited the method for 
result analysis, and based on the calculation results in Fig. 5.1, the service life of bottom liners 








Table 5.5 Prediction of the service life of landfill liner (Consider the membrane behavior) 




29.8 7.4 7.2 7.0 6.7 
5% 450.0 12.7 11.1 8.3 6.9 
10% 450.0 13.9 10.3 8.4 6.9 
15% 450.0 23.0 10.8 8.6 7.0 




66.0 15.8 13.6 12.9 12.2 
5% 1015.0 28.2 20.7 15.6 12.6 
10% 1015.0 30.1 19.6 15.8 12.6 
15% 1015.0 52.0 20.3 16.0 12.7 




452.8 101.5 68.8 65.9 61.4 
5% 6741.5 174.7 103.9 79.6 63.4 
10% 6741.5 193.6 99.0 79.6 63.4 
15% 6741.5 329.8 101.9 79.6 49.3 




3779.8 440.1 414.4 384.0 367.8 
5% 48991.6 1407.9 770.5 533.4 374.2 
10% 48991.6 1577.2 845.4 595.8 374.2 
15% 48991.6 1642.6 868.8 613.9 378.0 
20% 48991.6 1597.2 945.3 634.2 384.0 
Note: t0.001, the time period when ratio of cs/c0 reached 0.001; t0.02, the time period when ratio of cs/c0 
reached 0.02; t0.5, the time period when ratio of cs/c0 reached 0.5; t1, the time period when ratio of 
cs/c0 reached 1. 
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Table 5.6 Prediction of the service life of landfill liner (Neglect membrane behavior) 




3.4 2.4 1.4 0.9 
5% 4.0 3.0 1.9 1.2 
10% 4.7 3.8 2.7 1.7 
15% 5.4 4.8 3.6 2.6 




5.2 3.4 1.8 1.0 
5% 6.3 4.4 2.4 1.4 
10% 6.1 6.1 3.7 2.3 
15% 9.7 8.2 5.6 3.8 




11.8 6.2 2.7 1.3 
5% 16.3 9.3 3.9 2.0 
10% 24.2 14.9 6.7 3.5 
15% 36.5 25.7 13.7 7.5 




31.5 11.1 4.5 1.9 
5% 42.3 20.4 7.8 2.9 
10% 87.2 43.7 12.6 6.2 
15% 193.9 94.4 36.6 13.3 
20% 270.6 244.6 124.7 59.9 
Note: t0.001, the time period when ratio of cs/c0 reached 0.001; t0.02, the time period when ratio of cs/c0 
reached 0.02; t0.5, the time period when ratio of cs/c0 reached 0.5; t1, the time period when ratio of 
cs/c0 reached 1. 
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Table 5.5 present the service life of bottom liners system under different external and 
environmental conditions, in which effect of membrane behavior was considered. To take an 
explanation to the role of membrane behavior in migration of contaminant, Table 5.6 presented the 
service life of bottom liners system according to the calculated results in Section 5.2, in which the 
effect of membrane behavior was neglected. 
As shown in above Table 5.5 and Table 5.6, four parameters t0.001, t0.02, t0.5 and t1 were utilized to 
describe the breakthrough curve of specimen under different external conditions. t0.001 is the time 
period when the ratio of cs/c0 reached 0.001, which represent the start of the diffusion. t0.02 and t0.5 
are two special values and usually used in breakthrough curve analysis, when the ratio of cs/c0 
reached 0.02 and 0.5. t1 represent the concentration of the outflow equal to that of the inflow, the 
time period when ratio of cs/c0 reached 1. 
t1 represent the time spent when the barrier has been completely breakdown, while the 
surrounding soil and groundwater environment has already been polluted at that moment. Thus t1 are 
usually used to analyze the performance of barrier in laboratory-scale experiment. t0.001 is the time 
cost when the contaminant started to breakdown, and it is occurred at very early stage and can be 
used for forewarning of the diffusion of contaminant. Compared to above two parameters, t0.02 and 
t0.5 consider both the time spent and environmental impact, and can be regarded as balance criteria, 
and have been applied in many previous researches (Thomas and Swoboda, 1970; Czurda and 
Wagner, 1991; Chern and Chien, 2002; Murillo et al., 2004; Pan et al., 2005; Lange et al., 2010). To 
summarise the results listed in Table 5.5 and Table 5.6, Fig. 5.3 was drawn and showed as follows. 
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Fig. 5.3 Breakthrough time as function of bentonite content: (a) t0.001, (b) t0.02, (c) t0.5 and (d) t1 
 
As shown in above Fig. 5.3(a)-(d), it is apparent that the barrier performance of liners which 
exhibited membrane property are much better than that without membrane behavior. The 
performance of liners are greatly improved when consider their membrane property, and the 
durations for breakthrough, t0.001, t0.02, t0.5 and t1 of liners increased 1.5-100 times. For 
diffusion-advection breakthrough curve neglect the membrane behavior, as the bentonite increase 
from 0 to 20%, the hydraulic conductivity k decreased, and resulted in the increase of the 
breakthrough time. Four parameters t0.001, t0.02, t0.5 and t1 all proved that as bentonite content 
increased, the barrier performance can be improved not matter the change of hydraulic gradient i. 
For diffusion breakthrough curve consider the membrane behavior, as the bentonite increase 
from 0 to 20%, the membrane behavior change by two types. One is the great increase when 
bentonite content increased from 0 to 5%; while the other is the very limited increase when bentonite 
content increased from 5% to 20%. In addition, the membrane behavior was significantly affected by 
the concentration of inflow, as the concentration increased, the membrane behavior decreased, which 
leaded to the decrease of breakthrough time. However, when concentration reached 50 mM, the 
membrane behavior can be neglected. 
Compare the results caculted when consider and neglect the membrane behavior, it is rational to 
expect that as the continual increase of bentonite content, the hydraulic conductivity will also 
decrease and then lead to the increase of breakthrough time continually. It can also be rational to 
believe that the as the continual increase of bentonite content higher than 5%, the improvement on 
membrane behavior will be very limited. To reach the optimum barrier performance, for soil-, sand-, 
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silt- and clay-bentonite composite material, at least 5% bentonite should be added. Based on the 
requirements or rules of different countries, extra bentonite is introduced to meet the requirement on 
hydraulic conductivity. Since the membrane behavior is significantly affected by the solute 
concentration, it is rational to neglect the membrane behavior when the concentration of leachate can 
be higher than 50 mM. 
Considering the economical status of most developing countries, it is necessary to choose the 
most suitable design of bottom liner to reach a balance between efficiency and expense. Besides the 
design process, the achievement in this study can also apply in the environmental safety assessment. 
Chapter 4 studied the different factors on barrier performance through membrane behavior. 
Following the results, it is possible to make a prediction of the barrier performance of bottom liners 






CHAPTER 6: CONCLUSIONS AND FUTURE RESEARCH 
DIRECTIONS 
6.1 Conclusions 
The main results of this research are summarized as follows: 
In chapter 3, lysimeter tests were conducted in six lysimeters to estimate the effect of height and 
H/W ratio on leachate generation and leaching behavior of C&D waste residue. The C&D waste was 
collected from an intermediate treatment facility located in Ibaraki Prefecture. To avoid the effect of 
particle size on test results, the C&D waste selected in this study had particles of < 5 mm.  
The physical characteristics of C&D waste residue, such as particle density and hydraulic 
conductivity, closely resembled those of sand and ash. According to the leaching test results, the 
concentrations of each inorganic ion showed similar levels regardless of the particle size of the 
residue. The C&D waste showed strong alkalinity with pHs in the range of 11.7 to 12.2, and EC 
values in the small particles were found to be higher than those in the large particles. Such a decrease 
of pH and EC value as a function of particle size can be attributed to particle size of soluble content, 
since in most cases, soluble content exists in the form of powder or very small particle in nature. 
In the lysimeter tests, the soluble constituent (Cl, Na, K, Ca) concentrations decreased with 
increasing L/S ratio. There were two types of decreasing shape; First is the relatively sharp decrease 
in concentrations of non-reactive constituents, shown in R1 and R2 which have a short width; second 
is the gradual decrease shown in R5 and R6. It is likely that it is caused by the preferential and 
sidewall flows which can easily occur in lysimeters with high H/W ratios. The highest concentrations 
of inorganic constituent always appeared in R2, rather than the longer R3 and R4, which suggests 
that the filtration water can completely flush inside of the lysimeters which have a height lower than 
0.7 m. The concentration of salt leached out in R2 was lower than that from R1, which can also be 
attributed the height of the lysimeter; as the height of lysimeter increased, the waste particles at the 
bottom must bear a greater upper loading, resulting in the lower leaching behavior. The leaching 
behavior of heavy metal ions (Ba, Cu, Fe, Mg, Mo, Ni and Sr) clearly prove that although C&D 
waste is regarded as inert, under certain conditions (lower pH and microbial activity), the inherent 
heavy metals might be leached out, as their concentrations are higher than normal MSW leachate.  
According to the results of COD, TN and TP, the values were a little lower compared to the 
leachate from MSW landfill due to several factors such as the composition of the waste. The general 
tendency of COD, TP and TN is decreased as L/S ratio, and can be explained as dilution effect due to 
the rainwater percolation. Nevertheless, for certain lysimeter, the decrease rate was different, the 
lysimeter with short height or low H/W ratio displayed more reduction within the same experimental 
durations. Since the COD value reflect the amount of the organic contaminant, which is abundant in 
elements such as C, N, P, S, which was the important composition of protein and the essential 
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nutrient for micro-organism and can be fixed during the leaching process, and to some extent, the 
change of COD, TN and TP partially reflected the microbial activity. The conclusion can be arrived 
that the lysimeter with lower H/W ratio or shorter height can promote the microbial activity and 
result in the acceleration of micro-organism in degradation of organic contaminant. 
Based on the emission behavior of some soluble constituents, the microbial activity can have a 
significant effect on leaching behavior, the amount of SO4
2- emission increased with L/S ratio, due to 
the active microbial activity, by which the sulfate salts originating from the gypsum in C&D waste 
were continually decomposed. Thus, the decomposition by microbial activity inside C&D waste has 
great effect on the leaching behavior, and should not be neglected in the research. The amount of 
NH4
+ emission followed the order R1& R6 < R5 < R2 < R3& R4, which clearly indicated that 
shorter height, low H/W ratio or looser micro-structure inside the waste can provide more suitable 
conditions (density, upper loading, inter-particle cohesion, water content) and led to more active 
microbial activity.   
In chapter 4, a series of lab-scale experiments were conducted on locally available FC and 
bentonite amended FC composite materials. According to the results, the hydraulic conductivity of 
FC is 1.58 × 10−9 m/s, indicating that FC is not suitable for use as a compacted clay liner unless 
amended with bentonite. For bentonite amended clay, hydraulic conductivities are 1.07 × 10−9 m/s 
for FC plus 5% bentonite, 6.04 × 10−10 m/s for FC plus 10% bentonite, 2.74 × 10−10 m/s for FC plus 
15% bentonite, and 8.23 × 10−11 m/s for FC plus 20% bentonite, which indicated that adding 
bentonite make natural FC suitable for use as a liner. According to the results of the specimens with 
different compactness, as compaction degree increased from 80% to 90% and 100%, the hydraulic 
conductivity decreased from 2.01 × 10−9 m/s to 1.49 × 10−9 m/s and 1.07 × 10−9 m/s. 
Bentonite is an effective additive, and may greatly improve the membrane behavior of natural 
FC. When the bentonite concentration is low (Ct0 = 0.5 mM), the values of ω for the bentonite 
amended clays are close to 1, suggesting an ideal membrane property. As Ct0 increases to 5 mM, the 
membrane behaviors of the bentonite amended FCs are several times higher compared to FC; even at 
extremely high concentrations of 10 and 50 mM, bentonite amended FC still exhibits a membrane 
behavior of ω0 > 0.20 and ω0 > 0.04, respectively. Among the bentonite amended FCs, the membrane 
behavior increase as the bentonite content increase.  
pH is proved have a significant effect on the performance of the membranes, especially in 
alkaline conditions. When the pH of the solution was 11.0, the membrane coefficient, ω, was 1.2 - 
1.3 times greater than the coefficient when the pH was 7.0 at lower concentration, and it was almost 
2.5 times greater at the higher concentration. When the pH was 4.0, the membrane coefficient, ω, 
was 90% of the coefficient when the pH was 7.0 at lower concentration. The similarity of the 
membranes‘ behaviors between pH values of 4.0 and 7.0 suggested the existence of a very slight 
erosion effect of the acid solution. 
Compactness has proved have significant effect on membrane behavior. The membrane behavior 
of specimen with compactness of 100% was almost 30% higher than that with compactness of 80% 
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under concentration difference of 5, 10 and 50 mM. 
Solute type also proved great effect on membrane behaviors. And the average chemico-osmotic 
membrane coefficient ωave follows the order that K, Na > Ca > Pb, Zn. Ca ion is a active ion and 
hard to fix during the diffusion process. Although the low membrane behavior of heavy metal ions, 
almost no diffusion occurred during the membrane test, which can be attributed to the adsorption. 
Additionally, at the beginning of every stage, introducing a higher concentration KCl solution 
causes a rapid increase in the chemico-osmotic pressure, which peaks at ∆Ppeak, and then reaches an 
equilibrium pressure of ∆Pe, especially for specimens with different bentonite content. The 
difference between ∆Ppeak - ∆Pe increases as the solute concentration or bentonite content increases 
because the double layer is more compressed. The values of ω0 based on the initial concentration and 
a perfect flushing boundary, are corrected to ωave. The values of ωave are slightly higher after 
accounting for the changes in the boundary concentrations due to solute diffusion, and in most cases, 
ωave – ω0 < 0.06. 
As the bentonite content increases from 0 to 5%, the membrane behavior rapidly increases, 
which is likely due to the decreased pore size and increased thickness of the DDL. Although 
increasing the bentonite content from 5% to 20% does not significantly change the pore size within 
the specimens, the membrane behavior slightly improves, suggesting that the DDL contributes more 
to the improvement of the membrane property. As the solution concentration increases, more 
exchange sites at the DDL are occupied by cations instead of water molecules, which strengthens the 
attractive forces while shrinking the DDL. Hence, the increased interparticle voids allow more solute 
molecules to pass, greatly reducing the membrane behavior.   
Since there were large amounts of minerals in the clay, such as montmorillonite, mica, quartz, 
and feldspar, the Fukakusa clay-bentonite composite material releases free Al3+ and Fe3+ ions that 
can react in solution to form H+, making the samples exhibit a more acidic nature. 
The mechanisms that produced changes in membrane performance also were assessed and 
discussed using XRD patterns, free swelling volume, XRF results, SEM images, and camera images. 
At a pH value of 11.0, the samples exhibited better swelling performance, thus the soil clusters 
became larger than they were in the neutral condition, and the Fe3+ ions that released were likely to 
bind with OH- to form floccules, which results in more narrow inter-particle space and blocks the 
permeable paths. Since there is a large amount of Fe in the Fukakusa clay-bentonite material, it also 
possessed strong buffer capacity in the alkaline solution. In contrast, at a pH value of 4.0, the soil 
clusters became smaller than they were in the neutral condition, and some clay minerals, such as 
CaO and calcite, were dissolved, which resulted in larger inter-particle spaces and permeable paths. 
The small amounts of CaO and calcite resulted in a very limited buffer capacity in the acid solution.  
In chapter 5, the service life of landfill liners are predicted by using one solute transport model 
proposed by previous researcher. The input data are obtained based on the experiment results and 
calculation referred in chapter 4. Four parameters t0.001, t0.02, t0.5 and t1 were utilized to describe the 
breakthrough curve of specimens under different external conditions. t0.001 is the time period when 
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the ratio of cs/c0 reached 0.001, which represent the start of the diffusion. Since t0.001 is the time cost 
when the contaminant started to breakdown, and it is occurred at very early stage and can be used for 
forewarning of the diffusion of contaminant. t0.02 and t0.5 are two special values and usually used in 
breakthrough curve analysis, when the ratio of cs/c0 reached 0.02 and 0.5. t0.02 and t0.5 consider both 
the time spent and environmental impact, and can be regarded as balance criteria, and have been 
applied in many previous researches. t1 represent the concentration of the outflow equal to that of the 
inflow, the time period when ratio of cs/c0 reached 1. 
According to the calculation results, it is apparent that the barrier performance of liners which 
exhibited membrane property are much better than that without membrane behavior. The 
performance of liners are greatly improved when consider their membrane property, and the 
durations for breakthrough, t0.001, t0.02 t0.5 and t1 of liners increased 1.5-100 times. The solute 
concentration has a great effect on the barrier performance when consider the membrane behavior, 
by which the t0.001, t0.02 t0.5 and t1 decreased as the increase of concentration. It is also found that the 
t0.001, t0.02 t0.5 and t1 decreased as the increase of hydraulic gradient. Although different factors were 
found based on above two tables, the general trend is the same that the barrier performance is 
improved when bentonite content increase. 
Considering the economical status of most developing countries, it is necessary to choose the 
most suitable design of bottom liner to reach a balance between efficiency and expense. Besides the 
design process, the achievement in this study can also apply in the environmental safety assessment. 
Chapter 4 studied the different factors on barrier performance through membrane behavior. 
Following the results, it is possible to make a prediction of the barrier performance of bottom liners 
system of landfill in practical condition in landfill. 
 
6.2 Future research 
In chapter 3, the C&D waste used in lysimeter test was only greatly homogenous samples (C&D 
waste residues with particle size < 5 mm), so the effect of preferential flows may be underestimated 
more than studies using the bigger size of waste. In addition, the particle size is a very important 
issue to affect other properties of material such as consolidation, hydraulic behavior, and so on. 
Therefore, a further study is necessary to estimate the effect of leaching behavior by the different 
particle size of wastes. 
In chapter 5, the service life of landfill liners were predicted by using solute transport model. 
Although most of the input parameters were obtained from the experiment results measured in 
chapter 4, some parameters such as D and R were still based on previous literatures. To make the 
analysis results more reliable, in the future research, all parameters used should be measured through 
experiment. In addition, for the practical application of Fukakusa clay, the mechanical behavior 
should be considered. 
The landfill leachate is always characterized with its high BOD and COD values which indicate 
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the active microorganism activity. The microorganism activity occurred inside or at the surface of 
landfill liners, and can greatly affect the composition and micro-structures of liner material. Thus the 
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